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Abstract
The ecologic response of marine invertebrates during collapse of the Cordilleran Ice-sheet
through the Late Pleistocene has been insufficiently studied across the lowlands of northwestern
Washington State and southern Fraser Valley, British Columbia. Assessment of the response of
these nearshore marine assemblages to climatic shifts will improve our understanding of closely
related modern taxa in analogous climate-stressed conditions. If we understand the former
vulnerability of related genera, meaningful predictions may thus be provided for extant taxa in
current and future time. In this thesis, I establish a compilation dataset of all relevant specimens
collected within the Salish Sea and Puget lowland regions that integrate newly recovered
specimens in tandem with studies completed over the last century.
Prior research applied marine fossil occurrences to track, interpret, and model ice-sheet
dynamics, often overlooking the ecological information the fossils contain. This investigation
utilizes micro- and macro-invertebrate assemblage measures and linear ecologic regressions to
capture paleoenvironments, identify meaningful relationships among assemblages and
sedimentary facies, and better refine interpretation of depositional sequences. Using multivariate
quantitative analyses, my data reveal an overall disparity in species diversity, evenness, and
richness among a generally northern and southern assemblage in both micro- and macrofaunas.
South of Bellingham, WA, assemblages are diverse and dominated by shallow-water taxa
capable of inhabiting variable salinities ranging from brackish to normal (approximately 20‰ to
30‰). Environments represent salinity-reduced, likely riverine and marine water mixing zones
where pulses (fluxes of food and sediment) were discharged into the region. North of Bellingham
assemblages exhibit low overall diversity of relatively deeper water taxa inhabiting near normal
marine salinities (>30‰). Substrates become finer-grained and include larger occurrences of
Arctic species. The study concludes that most genera that colonized the Salish Sea and Puget
lowlands during glacial collapse originated from populations already inhabiting the region,
alongside limited arctic faunas that had earlier migrated south with glaciation following their
appropriate temperature zones.
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Chapter 1 – Introduction

1.1

Significance

This study is an investigation of nearshore micro- and macro-invertebrate assemblages as
indicators of environmental change during rapid ice-sheet retreat across western Washington and
southern British Columbia. Cycles of glacial advances and retreats of the Cordilleran Ice-sheet
(CIS) deposited a complex history of sediment within and around its limits. For many decades,
experts have utilized fossil occurrences to reconstruct and age date ice-sheet dynamics, assist
with correlating stratigraphy, recognize patterns and rates of isostatic rebound, and map the
geographic distribution of ice advancements and related sediment sources. The objective of this
work is to capture the history of the final sequence of Late Pleistocene glacial retreat and extract
viable ecologic data capable of identifying changes and relationships among species associations
and their spatial distributions. The key elements focus on decades of detailed studies and fossil
recoveries that concentrate on the transition of a continental ice-sheet maximum (Marine Isotope
Stage – MIS 2) locally known as the Vashon Glaciation, towards a rapid deglaciation (shift
towards Marine Isotope Stage – MIS 1) also locally known as the Everson-age interval (e.g.,
Easterbrook, 1963; Dethier et al., 1995).
During this research it became clear that distinct faunal assemblages correlate with specific
sedimentary sequences which also partition regionally into generally northern and southern
assemblages. This thesis documents relationships among depositional facies, faunal trends, and
assemblage distribution of nearshore marine invertebrates. Additionally, newly collected taxa
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and associated trends indicate the need for updating and further revising Late Pleistocene
paleoecology of the Salish Sea region.
The geologic response to deglaciation in the region is also an ongoing matter of discussion
amongst geomorphologists and glacial geologists (e.g., Easterbrook 1963, 1969; Croll, 1980;
Weber, 2001). Studies aimed at the Quaternary history and paleoenvironments of the Puget
lowlands have helped resolve correlative issues on the accuracy of identification and age dating
of deposits. However, studies on the provenance of Everson-age depositional facies is still
debated in some areas. The results of my study should help improve theories of deposition by
observing the faunal evidence using a now larger array of data to statistically-derive models for
better interpretation of depositional environments across the region.
1.2

Research Goals

The poorly studied nearshore marine fossils in sediments deposited during the CIS deglaciation
are examined from a paleontological perspective that develop a guide of research questions:
What is the distribution of fossil assemblages during deglaciation?
Past researchers over the decades have collected fossil invertebrates across a plethora of sites
throughout the Salish Sea region. Many studies described deposits containing fossil material
such as fragments, reworked shells, and whole mollusc valves in growth position (e.g.,
Easterbrook, 1963, 1969, 1992; Balzarini, 1981). The development of a highly-detailed
examination of fossil deposits is necessary to determine geologic context with better accuracy.
Thus, this work contributes to better develop our understanding of the context and distribution of
invertebrates by applying updated statistical analyses to a composite data set and synthesizing
Late Pleistocene (25,000-10,000 cal yr. BP) fossil occurrences in this region.
2

How did faunal distribution change through deglaciation?
The apparent complexity of sea-level during ice retreat may be a result of differences among a
combination of active crustal deformation, eustatic changes in global ocean volumes, and
isostatic fluctuation of the Earth’s crust in response to glacial loading and thinning (Shugar et al.,
2014). Limited work on interpreting these changes stratigraphically has been compiled locally
(Croll, 1980; Domack, 1982; Weber, 2001). However, others have described fossil sensitivity to
environmental change being greater than that of lithofacies (Springer and Bamback, 1985; Brett,
1998). Therefore, this work will statistically assess Everson-age communities collectively to
extract regional variation among faunal groups and depositional settings to further develop our
understanding of nearshore environments through deglaciation.
What ecological patterns may we determine from these assemblages? How might these
assemblages provide analogues for modern ecosystems in similar environments?
Assemblages are a collection of key fossils that categorize environments in which they thrive.
Compositional change, or species diversity change, reflects the resolution of external
(environmental) and internal (ecologic) dichotomies, where describing the extent to which
environmental factors stress the biological communities to change. Recognizing ecological
determinism of diversity, especially diversity at a local scale (α-diversity), correlates strongly
with various aspects of ecology including climate, habitat structure, and landscape heterogeneity
(Ricklefs and Schluter, 1993). Balzarini (1981) described how relative faunal differences in the
Salish Sea region due to crustal rebound heterogeneity contemporaneously affected the influx of
glacial meltwater, sedimentation rates, changes in relative sea-level, and limitations on water
circulation. Understanding how these fossil ecosystems responded to rapid change will help to
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constrain the vulnerability of current and future marine organisms experiencing climate change
in very similar environments.
1.3

Funding

This work was partially funded by the Geology Department at Western Washington University.
1.4

Geographic Setting

The Salish Sea is a network of sheltered waterways that sit within a broadly north-south trending
basin lying between the Olympic Mountains to the south-west, the Cascade Range to the west,
and the Coast Mountains of British Columbia to the north (Fig. 1-1). The Pacific Ocean inlet
runs through the Strait of Juan de Fuca with Puget Sound to the south and Georgia Strait and
Johnstone Strait to the north. Skagit and Snohomish rivers deliver the largest influx of freshwater
of the 16 major river systems that discharge into the Sea (Czuba et al., 2011).
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Figure 1-1. Generalized map of the Salish Sea and
waterways (modified from Flower, 2020). Area of study
outlined in black dash.
5

1.5

Geologic Setting

The geology of the area reflects a combination of regional tectonics and glacial advances from
the Coast Mountains of B.C. into the Puget Lowland at least a dozen times, as recorded in marine
isotopes of global ice volumes (Booth et al., 2004; Troost, 2005). The Salish Sea sits within an
elongate structural trough modified by glacial scour and subglacial drainage during the last
glaciation. Landforms are dominated by streamlined hills, upland troughs, and several major
alluvial valleys (Dethier et al., 1995) where bedrock is mantled by a complex distribution of
glacial-interglacial and nonglacial deposits. The area is tectonically and volcanically active,
primarily related to activity associated with the Cascadia Subduction Zone (Fig. 1-2). Internal
deformation of the North American Plate has created large clockwise rotating crustal blocks in
Oregon and Washington state (McCaffrey et al., 2013).
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Figure 1-2. Map showing
Cascadia Subduction Zone
and crustal rotation
(modified from Bartlow,
2020).

N
200 km

1.6

Glacial Setting

The present landscape of northwest Washington and southern British Columbia were
fundamentally reshaped by Late Pleistocene glaciation. The CIS, one of two large continental ice
sheets that repeatedly covered much of northern North America during the Quaternary Period,
encompassed almost all British Columbia, southern Alaska, northern Washington, Idaho, and
Montana (Fig. 1-3).
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Figure 1-3. Map showing approximate ice cover at maximum extent
around 17 ka cal yr. BP (Dyke, 2004) (modified from Darvill et al., 2018).

The Fraser glaciation (ca. 25,000-10,000 cal yr. BP) represents the latest glacial sequence during
which ice flowed from the northern Coast Mountains into the Strait of Georgia and split to form
two main lobes, the Puget lobe to the south and the Juan de Fuca lobe to the west (Booth et al.,
2004) (Fig. 1-4). The Puget lobe culminated as a broad ice tongue approximately 100km wide,
filling the trough between the Olympic Mountains and the Cascades, and reaching a thickness of
about 1,000m near present day Seattle (Thorson, 1980). Glacial loading depressed the landscape
to a maximum of 400-500m in the San Juan Islands region (Dethier et al., 1995). Following its
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maximum extent at ca. 16,950 cal yr. BP (Porter and Swanson, 1998; Troost, 2017), ice rapidly
retreated, leaving the Puget and Salish lowlands largely ice free by 15,000-14,500 cal yr. BP
(Clark and Clague, 2020). Despite lower eustatic sea levels during this time, isostatic depression
and the retreat of the ice northward allowed marine waters to flood much of the Salish Lowland,
depositing extensive marine and glaciomarine sediments. These sediments covered an area
>10,000km2 of northwestern Washington and adjacent British Columbia (Easterbrook, 1992). As
sediments were being deposited, rapid glacial isostatic adjustment simultaneously began raising
much of the deposits above sea level.

Figure 1-4. Map showing
Puget and Juan de Fuca lobes
at CIS maximum (solid black
line). Dashed lines are ice
thicknesses (meters) and blue
arrows are ice flow direction
(modified from Demet, 2016;
Porter and Swanson, 1998;
Easterbrook, 2003).
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Chapter 2 – Summary of Previous Studies

2.1

Previous Efforts

The chronology of the Fraser Glaciation has been studied for well over a century (Willis, 1898;
Bretz, 1913; Johnston, 1921; Crandell et al., 1958; Armstrong et al., 1965; Easterbrook, 1963,
1969, 1992; Dethier et al., 1995; Clague et al., 1997; Porter and Swanson, 1998; Troost, 2017;
Darvill et al., 2018). Early efforts described marine shell deposits within a glacial drift (Willis,
1898; Bretz, 1913), later labeling these deposits as “glacio-marine origin” or “marine drift” by
Armstrong and Brown (1954). Subsequent mapping studies recognized Everson-age stratigraphic
patterns and sedimentary facies (Easterbrook, 1963, 1969; Domack, 1982; Dethier et al., 1995,
1996). Closer examinations of site-specific deposits have also been compiled (Croll, 1980;
Weber, 2001) in an attempt to address ongoing discussions regarding depositional provenance
and ice dynamics.
Early faunal documentation by Wagner (1959) on the paleoecology of Pleistocene marine faunas
from southwestern British Columbia included assemblages from Everson-age material in
addition to older Pleistocene events. Shaw (1972) and Mallory et al., (1972) both produced local
macro- and micro-invertebrate studies limited to a few site-specific localities. Micro-invertebrate
studies on foraminifera contributed work of higher latitude faunas (Smith 1965, 1970; Miller,
1973) in addition to local site-specific localities (Balzarini, 1981; Patterson and Cameron, 1991).
The geologic response to deglaciation in the region is an ongoing matter of discussion amongst
geomorphologists and glacial geologists. Troost (2017) completed a study aimed at improving
the chronology of Quaternary history and paleoenvironments of the Puget lowlands concluding
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correlation among glacial and interglacial deposits within distinct events and developing new
information about paleoenvironmental conditions of the ice-sheet advance into the Puget
Lowlands.
The provenance of Everson-age deposits is still intensely debated. Early efforts by Armstrong
(1954), Easterbrook (1963, 1969), Shaw (1972), Croll (1980), and later by Clague et al. (1997),
Weber (2001), and Easterbrook (2007) presented opposing theories on deposition during ice
retreat, primarily with reference to the type locality near Deming, WA. Balzarini (1981) assessed
the paleontological associations in context concluding a model of a single, concurrent
depositional event during emergence of the lowland without tectonic or sea level fluctuations. It
is my expectation that the results of this thesis will help improve concepts of deposition by
observing the faunal evidence using a new larger array of data and statistically-derived models.
This thesis relies on published 14C dates (and their calibrated age ranges) to provide age
constraints for the Everson deposits discussed here. Few previous papers use these dates to infer
correlations of various stratigraphic units across the region (e.g., Easterbrook, 1963, 2003).
Uncertainties in the radiocarbon calibration curve during this late-glacial period often makes
these detailed correlations questionable, implying that many depositional environments were
more complex than previously interpreted. Because redating deposits and recalibrating the
published dates was beyond the scope of my study, my interpretations reflect the uncertainties in
the published dating for various sites.
2.2

Paleontological Data

Marine organisms are highly sensitive to environmental shifts and are frequently used to help
reconstruct paleoenvironmental and sedimentological environments. Several researchers have
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recognized that fossil sensitivity to environmental change can be greater than that of lithofacies
deposits (e.g., Springer and Bamback, 1985; Brett, 1998). This sensitivity of fossil assemblages
can help determine environmental gradients (Holland et al., 2001; Hendy and Kamp, 2004) and
characterize environmental context and variation (e.g., Brett and Baird, 1986; Powell et al.,
2011). Concepts of taxonomic uniformitarianism (using modern analog approaches for
paleoenvironmental reconstruction) can also be used to elucidate ancient environments using the
distribution of extant relative taxa (Dominici et al., 2008). Prior studies have shown changes in
water depth directly explain variation of taxonomic composition between samples of benthic
assemblages (e.g., Holland et al., 2001; Scarponi and Kowalewski, 2004) and of species-level
foraminiferal assemblages (Dominici et al., 2008). Additionally, biotic sensitivity analyses
render information for paleoecology and paleobiology, where understanding conditions under
which the animal lived is very important in understanding ecological patterns and local
syndepositional (occurring at the same time as deposition) conditions (Daley, 2002).
Few contributions of paleontological data have been compiled from Everson-age specific
deposits. Shaw (1972) evaluated the paleontological associations of micro- and macroinvertebrates from the San Juan Archipelago providing ecological data within the vicinity of the
San Juan Islands. Mallory and others (1972) documented foraminiferal and molluscan ecology
and faunal occurrence zones through the Kulshan glaciomarine drift, a sequence of deposition
during Everson-age ice retreat. Balzarini (1981) contributed an important early paleoecologic
study on foraminiferal and molluscan faunas in mainland exposures of the Salish Sea region,
incorporating a few prior collections (Easterbrook, 1962; Shaw, 1972; Mallory et al., 1972);
Balzarini concluded that her results supported a continual emergence model of Everson-age
depositional sequences. Patterson and Cameron (1991) examined late Quaternary foraminiferal
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biofacies in the Fraser River delta region of southern British Columbia, identifying and
characterizing the depositional environments of pre-Fraser glaciation through Holocene-age
foraminiferal associations.
My study incorporates all relevant specimens collected and donated from previous studies on
Everson-age stratigraphy and evaluates data using new multivariate statistical methods. These
acquisitions, including fossil collections used by Balzarini, Easterbrook, Shaw, and others, are
housed and catalogued at the Burke Museum of Natural History and Culture at the University of
Washington.
2.3

Previous Lithological Descriptions

Quaternary deposits are well exposed throughout the region showing excellent sedimentary
outcrops along the miles of Salish coastlines. Most of these deposits appear to be related to the
rapid northward retreat of the CIS (Porter and Swanson, 1998) and subsequent fluctuations
immediately preceding the onset of the Holocene (Clague et al., 1997; Clague and Ward, 2011;
Clark and Clague, 2020). Newly and previously recovered samples were collected along this
traverse and placed within seven geographical regions for analyses: [1] Central Sound, [2]
Whidbey Island, [3] Fidalgo-Mount Vernon, [4] San Juan County, [5] Bellingham, [6] Goshen,
and [7] Fraser Valley (Fig. 2-1). Regions were modified from Balzarini (1981) and comprise of
multiple localities per division. Stratigraphic sections and facies occurrences were mapped by
Domack (1982), Dethier et al. (1995, 1996), and Balzarini (1981), supplemented with my own
mapping.
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Figure 2-1. Map showing the seven
geographical regions collected from:
[1] Central Sound, [2] Whidbey
Island, [3] Fidalgo-Mt Vernon, [4]
San Juan County, [5] Bellingham, [6]
Goshen, and [7] Fraser Valley.
Colors are significant in later
diagrams.

Using pre-established glaciomarine facies zones from Dethier et al. (1995, 1996) and Domack
(1982), localities not previously assigned to models were added into the five inferred
environments of ice-margin deposition: Proximal, Transitional, Distal, Shallowmarine/Estuarine, and Emergence (intertidal beach/lagoonal). Proximal (P) zones extend a few
hundred meters from the ice margin and are composed of debris flows, subaqueous outwash, and
turbid underflows (refer to Fig. 2-2). Transitional (T) zones extend to approximately 10 km from
the ice front depositing sediment via turbid underflows, icebergs, and meltwater with events of
re-sedimentation. Beyond the 10 km zone, deposits of the Distal (D) facies develop from
dispersed melt water, re-sedimentation, currents, and dropstones associated with berg ice.
Shallow marine/Estuarine (SM/Es) facies largely derive from rivers and sediment remobilization
where the lack of dropstones and coarse lenses are absent. Emergence (E) facies are beach
14

sediments that show intertidal and lagoonal pool deposits with occasional eolian sands
interspersed.

Figure 2-2. Illustration model showing stratigraphic and
lithological descriptions among Everson-age deposits (from
Dethier et al., 1995). Black triangles denote diamict units.

The following are select localities from Dethier et al., (1995) and Balzarini (1981) that contain
lithological descriptions and were further modified with personal additions:
2.3.1

Central Sound [1]

A northern Olympic Peninsula exposure near Dungeness (Site 11, Dethier et al., 1995) consists
of a generally gravelly unit interspersed with silt. An approximate meter thick sequence of
bedded silt sits between a massive gravel unit. The gravel sediments display fine to medium
grains, in some places bedded with slight cross-bedding and in lower sections show deformation
15

of small pockets of silt (Fig. 2-3). A Marysville exposure displays a thick bedded, silty-sand that
overlies a massive silty-diamict with an erosional contact.
Facies: Marrowstone Is. - P, Bainbridge Is. - T, Marysville - P
2.3.2

Whidbey Island [2]

A deposit along the western central coast of Whidbey Island (Site 10; Dethier et al., 1995)
displays a massive, matrix-supported diamict that sits below a thick, silty-sand containing
pebbles and shells in growth position. A section at Penn Cove (B3056; Balzarini, 1981) shows a
thick matrix-supported diamict with scattered pebbles and a rich shell-bed upper portion. Many
shells are articulated and in growth position. The upper section contains an erosional contact
displaying large undulations with overlying sandy-silt. Sediments below the massive diamict
alternate between massive conglomerates and coarse sands displaying a variety of trough and
planar cross bedding and laminae (Fig. 2-3). This thick glacial outwash section is recognized as
the Esperance Sand (Mullineaux et al., 1965).
Facies: Libbey Bch- T, Penn Cove - P/SM, Smith Is. - P, Whidbey Cntr. - SM/E, Stanwood - D
2.3.3

Fidalgo-Mount Vernon [3]

Kiket Island is represented as the westernmost locality for this region (B3058; Balzarini, 1981).
Here, a massive, matrix-supported diamict with stratified silt overlies bedrock. This sits beneath
a thick sandy-silt unit with an erosional contact (Fig. 2-3). Moving inland near Bay View (Site 7;
Dethier et al., 1995), a sandy gravel unit sits below a massive silty-diamict that contains an
erosional surface with an upper stratified, slightly coarser diamict. Overlying this is a thick siltysand deposit truncated by coarse gravel. Sections near Mount Vernon (B1014; Balzarini, 1981)
display more diverse stratigraphy. These sites all have a base containing a massive, matrix-

16

supported silty-diamict. Two of the three localities contain overlying sharp contacts with thick
sections of laminated silty-sands and medium-grained bedded sand; an erosional contact of
coarse gravel overlies the sands. The third locality at Big Lake (Site 3; Dethier et al., 1995),
exposes pebbly sand and gravel that sit beneath silt containing freshwater gastropods, also with
an overlying coarse gravel contact.
Facies: Kiket Is. - SM/Es, Mt. Vernon - SM/E
2.3.4

San Juan County [4]

The San Juan County region is comprised of San Juan, Lopez, Shaw, Orcas, and Waldron
Islands. A southern exposure on San Juan Island at False Bay (B7130 , Dethier) shows a
bottommost silty-clay unit that coarsens upward to a fine-medium sand with dropstones and an
upper erosional contact. Near Cattle Point (Site 5; Dethier et al., 1995), a thick sequence of
coarse sandy-gravel displaying planar cross beds sits below an erosional surface with an
overlying thick stratified-diamict containing large dropstones. An exposure near Pear Point (Site
14; Dethier et al., 1995) shows a bottommost stratified sandy-diamict with overlying erosional
surfaces of large gravely-sand units with an upper section containing planar cross bedding; a
coarse sandy-gravel overlies these deposits. Davis Bay on Lopez Island (Site 4; Dethier et al.,
1995) displays unusual sequence of marine to freshwater emergence. The undermost unit is a
thick, stratified, sandy-diamict that sits beneath a sequence of sediment fining upward, consisting
of gravelly-sand beneath a section of coarse to fine, silty-sand (Fig. 2-3). Marine shells were
found underlying freshwater gastropods through the section (Shaw, 1972).
Deposits on southern Shaw Island near Squaw Bay (DW-61; Dethier et al., 1996) display an
overall coarsening upward sequence; bottommost silty-sand transitioning to a massive sand unit
with a thin deposit of diamict sediment between the finer and coarser sands. The section is
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capped by a thicker, stratified-diamict containing dropstones and an upper erosional surface with
silt. Sediments on the northern end of the island display a different array of deposition (A9779;
Shaw, 1972). Shaw (1972) mapped strata of two marine clays separated by a bed of peat,
indicating a possible influx of freshwater during a single episode of deposition. Freshwater
gastropods were recorded from this locality.
Facies: Lopez Is. - E/P, Orcas Is. - E, San Juan Is. - P/E, Waldron Is. - P/E, Shaw Is. - P/E
2.3.5

Bellingham [5]

A Bellingham Bay exposure (B3062; Balzarini, 1981) displays a thick sequence of alternating
sands, silts, and muds containing numerous sedimentary structures, shell materials, and charcoal
fragments. A sharp upper contact separates the sands from a massive diamict containing shell
hash that caps the overall exposure (Fig. 2-3).
Facies: Bellingham - P/T, Bellingham Bay - P/T, Lummi Is. - P/T, Lummi Peninsula - T
2.3.6

Goshen [6]

A roadcut near Goshen (B3070; Balzarini, 1981) shows a thick diamict with silty matrix
containing sparse cobbles. A thin coarse-sand bed with laminae and rip-up clasts is exposed in
the center portion of the diamict, possibly a sand lens. Shell material was found in lower sections
of this diamict unit. An exposure near the east gate of Axton pit (B3072; Balzarini, 1981) shows
a thick clast-supported gravel with numerous thinly-bedded silt and sand beds showing ripples
and fragments of coal. This deposit grades upward into a massive diamict with silty-clay matrix
containing many pebbles, cobbles, granules, and dropstones. The bottom section shows a more
clay-rich matrix where articulated shells become abundant (Fig. 2-3).
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Bluff failure during flooding at the Deming site (B3068; Balzarini, 1981), type area for the
Everson strata (Easterbrook, 1963), has recently exposed much of the underlying sediments. The
bottommost exposure, colloquially named the Nooksack sands, is an array of silts, sands, and
clays that measure approximately 5 meters thick from water level. The bottommost portion
contains thin clay beds that coarsen upward into thicker laminated sands. The clay beds contain
many ripple marks and soft sediment deformation structures. The upper sand beds display
several planar cross bed sets dipping in a variety of directions with gravel lens deposits scattered.
The upper surface is erosional with an overlying massive diamict named the Kulshan
glaciomarine deposit (Easterbrook, 1963), which is unconsolidated with scarce shell material.
The overlying Deming sand is a deposit of mostly laminated sand with a clay upper and lower
contact. The medium coarse-grained laminated sand shows cross bedding with small lenses with
few cobbles; no fossils were found in this unit other than a few millimeter-sized pieces of broken
shell. The base of the Deming comprises of blue-gray clay containing peat material that tapers
out horizontally in some sections. Sitting above the large Deming deposit is another thick
diamict named the Bellingham drift (Easterbrook, 1963), containing very similar lithology and
shell occurrences to the Kulshan unit.
Facies: Acme - P, Axton - T, Deming - T, Goshen - T/D
2.3.7

Fraser Valley [7]

The bottommost exposures at bluffs in Semiahmoo show thick clay deposits with silty
laminations throughout. Silt laminae are convoluted and contain soft sediment deformation. The
overall clay section coarsens upward into a silty, fine-sand rich gradation. Overlying is a sharp
contact of stratified medium-coarse sand containing thin clay laminae. Above the sand is a
matrix-supported conglomerate with fine-medium sand having an erosional contact. A roadcut
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exposure near Langley, B.C. (B3074; Balzarini, 1981) shows a bottommost till unit that has an
erosional upper contact with a thick section of laminated coarse sandy gravel deposit. Overlying
this is a massive matrix-supported diamict containing shell fragments throughout (Fig. 2-3),
recognized as the Fort Langley Formation (Armstrong, 1981).
Facies: Ferndale - T, Langley - T, Lynden - T, Surrey – P
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Elevation in meters

Figure 2-3. Stratigraphic
profiles of single localities
within each region (modified
from Dethier et al., 1995;
Balzarini, 1981).
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Chapter 3 – Data Collection Methods

3.1

Methods of Data Collection

In order to track ecologic response during CIS retreat, I examined a combination of newly
collected specimens from known field localities and previous collections housed at the Burke
Museum, University of Washington, Seattle. Visiting previously sampled localities is required to
establish or add to the sedimentological and environmental context of museum collections
(Harnik, 2009). This diverse approach provides a more comprehensive assessment of taxonomic
abundance, richness, and ecology.
3.2

Field Sampling and Processing

A total of twenty localities were sampled using previously published localities (Appendix D)
(e.g., Easterbrook, 1963, 1969; Mallory et al., 1972; Shaw, 1972; Balzarini, 1981; Dethier et al.,
1995). Re-sampling from these localities supplements any areas deficient in sample quantities.
Each locality was stratigraphically measured, described (including sedimentology and fossil
occurrences), and sampled in bulk (30 cm3) from 60-cm intervals parallel to bedding. At each
site I described the overall composition, grain-size and texture, any principle sedimentary
structures that occur, and the occurrences of fossil and organic material. Fossils were described
based on physical attributes such as orientation, frequency, and stratigraphic geometry, along
with relation to the surrounding matrix. Filtering and wet-sieving of sediment using a 2-mm
sieve for macro specimens and 63-micron mesh for micro specimens were conducted; samples
were then allowed to air dry in the laboratory.

22

Macro specimens were identified and counted following published taxonomic methods (Huber,
2010) and compared with reference specimens from the invertebrate collection of the Burke
Museum. Fragmented molluscs were only counted if they incorporate the tip of the spire or the
main opening aperture (in the case of gastropods), or the highest raised area known as the
umbonal region (in the case of bivalves). Counts of disarticulated specimens were halved as
bivalve invertebrates can produce double the number of countable skeletal elements compared
with other common groups (i.e., gastropods) (Gilinsky and Bennington, 1994).
Micro samples were washed using a 63-micron sieve and air dried in the laboratory. Sediment
was averaged to 300 grams per sample using a sample splitter where portions were picked for
foraminifera with a target of 200 individuals per sample, when possible. Specimens were slide
mounted for identification and select taxa taken to produce scanning electron micrographs for
identification. Micrographic specimens were uncoated using a back-scatter detector (BSE) on a
Tescan Vega 3 Thermionic scanning electron microscope at Western Washington University.
3.3

Museum Collections Data

The Burke Museum houses the largest collection of relevant specimens in the region. 208
sediment samples were recorded in total from museum data [samples derive from published and
unpublished localities, some of which are vague or incompletely described; for further details
contact the Burke Museum Invertebrate & Micropaleontology Dept.]. Attention was taken to
identify inconsistencies and/or redundancies in the database against available published material.
One prominent issue identified was the inconsistency between species counts in the museum
database and those in published literature. For collections done by Balzarini (1981) and
Easterbrook (1963) specifically, the assigned species counts catalogued in the museum database
for many taxa did not match the ranges of specimens reported in literature. Because these authors
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published a range value for specimen counts (abundant: >31; common: 16-30; frequent: 6-15;
rare: 1-5), to manage this issue the median value was chosen within the range of species
published as the recorded species count; the only exception was when counts were abundant
(>31), the base value of 31 was used. No inconsistencies were identified in the samples from
other authors.
Additionally, localities not listed as Everson-age specific deposits were excluded from the study;
this included unknown or indefinite localities. A few taxonomic issues were also addressed,
Whitneyella (Stewart, 1927), synonymized subjectively with Perse (Moore, 1976), is a gastropod
collected and identified in two separate regions (Central Sound and Whidbey Island) by R.C.
Allison (unpublished). According to the Paleobiology Database (a public resource for published
paleontological data), the last occurrence (before extinction) was during the Chattian Stage of the
Oligocene (~23 mya) by Durham (1944). Similarly, two specimens of Molopophorus (Gabb,
1868) gastropods collected within the Central Sound region also by R.C. Allison record a last
occurrence of ~7.2 mya by Moore (1963). Whitneyella and Molopophorus specimens were
included in this study however their significance will be taxa in reworked sediment. Also,
Nuculana fossa (Baird, 1863) is currently under inquirendum and for this study will be assigned
to Nuculana pernula (Müller, 1779).
A second micro-invertebrate sample from Central Sound also presented issue. As a result, only
one sample from a locality in Marysville (Balzarini, 1981) was assessed for this area. The San
Juan County region was sampled at 21 separate localities by Shaw (1972), but microinvertebrates were only documented at two sites on a single island (Lopez Is.). The significance
of Central Sound therefore only supplements faunal trends from adjacent regions and is not
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sufficient to produce substantial inferences regionally. The unusual lack of micro-invertebrates
collected from San Juan County is significant in its result.
Taxonomy used in my study follows the current accepted usage wherever possible. However,
some designations do reflect systematic issues beyond the extent of this study. Also, depending
on authors and materials used, species in this study can include multiple morphotypes that may
have been placed under different species names or combined into species-level categories. This
study acknowledges the possibilities of inter-population variability across space and time which
may represent few of the species and subspecies listed.
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Chapter 4 – Data Analysis Methods

4.1

Statistical Methods

A data matrix was created consisting of total taxa, total specimen counts, and locality samples
(Appendix B). Taxonomic composition, relative and raw abundances were analyzed for
geographical comparison over the entire dataset. Diversity analyses were separated and
conducted as macro- and micro-level investigations for better interpretation. Hierarchical cluster
analysis, detrended correspondence analysis (DCA), non-metric multidimensional scaling
(nMDS), and PERMANOVA (permutational multivariate analysis of variance) were performed
on both datasets (for methods see Borcard et al., 2001). All statistical analyses were performed
using the Vegan package in R statistical environment.
4.2

Diversity Statistics

A variety of diversity measures, Species Richness, Shannon’s Diversity Index (Shannon, 1948),
and Pielou’s Evenness Index (Pielou, 1966) were applied to capture two target components of
ecological diversity—richness and evenness. Diversity indices define species amounts and how
evenly distributed the individuals are across taxa. Localities with high diversity indicate the
availability of resources for a larger range of faunas, whereas lower diversity may reveal signs of
marginal environmental conditions or demonstrate the efficacy of regional geologic processes on
local populations.
4.2.1

Species Richness (S)

Measuring the number of species in an assemblage is essential for understanding community
structure, patterns, and overall biodiversity. Species richness is the observed number of species
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recorded in a sample or set of samples. This helps reveal important attributes on community
health, or in geologic context, reveal indicators on depositional settings. The observed richness is
dependent on sample size and density of individuals. Sample sizes for this study are assumed to
be consistent, extent feasible, across all recovered and published samples.
4.2.2

Shannon Diversity Index (H’)

Shannon’s Diversity Index (H’) measures order within a community by combining a direct
estimate of species richness with a measure of evenness or abundance (Shannon, 1948). With
foundations in information theory, the measure represents uncertainty about the identity of an
unknown individual. In a diverse system, an unknown individual could belong to any species,
leading to a high uncertainty in predictions of its identity. In a less diverse system dominated by
one or a few species, the identity is easier to identify and therefore, less uncertainty in the system
(Shannon, 1948). The Shannon index increases as both richness and evenness of the community
increase.
H’ is as follows:
H’ = -∑ Pi ln (Pi)

(4.1)

where Pi is the proportion abundance found in species i.
4.2.3

Pielou’s Evenness Index (J)

Pielou’s Evenness Index (J) measures the homogeneity of species (Pielou, 1966). That is, the
more equally proportioned each group is, the more even they are in a community setting.
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J is as follows:
J = H’ / log (S)

(4.2)

where H’ is Shannon’s diversity index, and S is the total number of species in the sample (Pielou,
1966).
4.3

Linear Regressions and Ordinations

Characterizing communities between sites is based on species composition and environments.
The quantifying differences, or the ecological distances between regions, allows for the input of
gradient analyses that order objects based on how similar (or dissimilar) they plot. Clustering
methods, ordination techniques, and linear regressions were performed to distinguish
relationships among regions, sedimentary facies, and assemblage statistics.
Q-mode hierarchical cluster analysis was conducted in order to reveal similarity within
community data (Borcard et al., 2001). The result of distance metrics is shown as a dendrogram
illustrating levels of similarity; closer aggregates of data points are more similar than points
further away. Cluster analyses were performed on absolute abundances, standardized to
percentages, then square-root-transformed to minimize high-weighted species. Matrices were
conducted using the Bray-Curtis distance measure (Borcard et al., 2001).
Detrended correspondence analysis (DCA) is an ordination method that uses an algorithm to find
‘scores’—or coordinates in the abstract space in which it is graphing—for each site and species
such that the correlation between species and sites is maximized. Correspondence analysis (CA)
has a known artifact called the 'arch effect', in which underlying non-linearities in the
relationship between sites and species creep into the biplot (Borcard et al., 2001). This is
removed in a detrended correspondence analysis.
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The goal of non-metric multidimensional scaling (nMDS) is to condense large amounts of
information within multiple dimensions into a few for better visualization and interpretation. The
technique starts by calculating a distance index (Bray-Curtis) for every pair of sites (in terms of
presence) with rank-order abundance of specific species. Scores are then graphed in
multidimensional space where a set of new axes display the distances calculated from the
pairwise comparison (Borcard et al., 2001).
A PERMANOVA (permutational multivariate analysis of variance) test (Borcard et al., 2001)
was applied to examine the influence of depositional facies across species. This test is used to
recognize the effects of categorical variables on multiple dependent interval variables. An Fvalue (test statistic) is used to calculate a probability (P-value) that measures the evidence against
the null hypothesis. A numerical P-value less than or equal to 0.05 indicates the difference
between means are statically significant (i.e., facies differ among species-site structure). BrayCurtis similarity with 999 permutations was used for this test.
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Chapter 5 – Results

Statistical analyses show a significant level of spatial homogeneity revealing large-scale trends
between a northern and southern assemblage in both micro- and macro-invertebrates.
Relationships between faunal and assemblage measures with depositional facies show
discernable spatial gradients among communities. The homogeneity among regions suggest
invertebrate assemblages were less ephemeral, indicating shared patterns of occurrence.
5.1

Assemblage Statistics

A total of 17,962 individual specimens from 84 localities, including both newly recovered
specimens and pre-existing museum data, were recorded together. Of those, 10,193 were macroinvertebrates (43 families, 74 genera, and 115 species) and 7,769 were micro-invertebrates (18
families, 31 genera, and 50 species). Macro-invertebrate (macro) samples totaled 208, and microinvertebrates (micro) recorded 60 samples overall (refer to Table 5-1 and Table 5-2).

Table 5-1: Macro-invertebrates from Everson-age deposits
Algae
Lithothamnion sp.

Chiton
Tonicella lineata (Wood, 1815)

Barnacle
Balanus crenatus Bruguière, 1789
Balanus sp.
Concavus concavus (Bronn, 1831)
Megabalanus californicus (Pilsbry, 1916)

Clams
Acila sp.
Astarte alaskensis Dall, 1903
Callithaca tenerrima (Carpenter, 1857)
Chione californiensis (Broderip, 1835)
Chlamys behringiana (Middendorff, 1849)
Chlamys hastata (G. B. Sowerby II, 1842)
Chlamys islandica (O. F. Müller, 1776)

Bryozoa
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Clams (cont. 1)
Chlamys rubida (Hinds, 1845)
Chlamys sp.
Ciliatocardium ciliatum (Fabricius, 1780)
Clinocardium nuttallii (Conrad, 1837)
Clinocardium sp.
Dallocardia quadragenaria (Conrad, 1837)
Dermatomya tenuiconcha (Dall, 1913)
Hiatella arctica (Linnaeus, 1767)
Keenocardium californiense (Deshayes, 1839)
Laevicardium sp.
Leopecten stearnsii Dall, 1878
Leukoma staminea (Conrad, 1837)
Leukoma sp.
Macoma brota Dall, 1916
Macoma calcarea (Gmelin, 1791)
Macoma carlottensis Whiteaves, 1880
Macoma incongrua (Martens, 1865)
Macoma inquinata (Deshayes, 1855)
Macoma lama Bartsch, 1929
Macoma moesta (Deshayes, 1855)
Macoma nasuta (Conrad, 1837)
Macoma obliqua (J. Sowerby, 1817)
Macoma sp.
Mya arenaria Linnaeus, 1758
Mya truncata Linnaeus, 1758
Mya sp.
Nucula sp.
Nuculana acuta (Conrad, 1831)
Nuculana minuta (O. F. Müller, 1776)
Nuculana pernula (O. F. Müller, 1779)
Nuculana tenuisulcata (Couthouy, 1838)
Nuculana sp.
Nutricola lordi (Baird, 1863)
Pandora wardiana A. Adams, 1860
Pronucula tenuis Powell, 1927
Rexithaerus secta (Conrad, 1837)
Rexithaerus indentata (Carpenter, 1864)
Saxidomus gigantea (Deshayes, 1839)
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Clams (cont. 2)
Saxidomus sp.
Serripes groenlandicus (Mohr, 1786)
Serripes sp.
Solen sp.
Trachycardium sp.
Tresus capax (Gould, 1850)
Tresus nuttallii (Conrad, 1837)
Decapoda
Echinoderm
Strongylocentrotus droebachiensis (O.F.
Müller, 1776)
Strongylocentrotus purpuratus (Stimpson,
1857)
Strongylocentrotus sp.
Limpet
Acmaea sp.
Lottia pelta (Rathke, 1833)
Lottia persona (Rathke, 1833)
Lottia scutum (Rathke, 1833)
Lottia strigatella (Carpenter, 1864)
Lottia sp.
Puncturella galeata (Gould, 1846)
Tectura rosacea (Carpenter, 1864)
Mussel
Modiolus modiolus (Linnaeus, 1758)
Modiolus sp.
Mytilus edulis Linnaeus, 1758
Mytilus trossulus Gould, 1850
Mytilus sp.
Oyster
Ostrea sp.

Gastropod (marine)
Aulacofusus brevicauda (Deshayes, 1832)
Buccinum lyperium Dall, 1919
Calliostoma ligatum (Gould, 1849)
Cryptonatica affinis (Gmelin, 1791)
Eulithidium comptum (Gould, 1855)
Fusitriton oregonensis (Redfield, 1846)
Glossaulax draconis (Dall, 1903)
Latisipho hallii (Dall, 1873)
Latisipho jordani (Dall, 1913)
Littorina saxatilis (Olivi, 1792)
Littorina scutulata Gould, 1849
Littorina sitkana Philippi, 1846
Littorina sp.
Margarites pupillus (Gould, 1849)
Mitrella gausapata (Gould, 1850)
Molopophorus sp.
Neverita lewisii (Gould, 1847)
Nucella lamellosa (Gmelin, 1791)
Odostomia quadrae Dall & Bartsch, 1910
Paciocinebrina barbarensis (Gabb, 1865)
Polinices sp.

Gastropod (marine, cont.)
Propebela harpularia (Couthouy, 1838)
Scaphander sp.
Sinum scopulosum (Conrad, 1849)
Trichotropis cancellata Hinds, 1843
Trichotropis conica Møller, 1842
Whitneyella sp.
Gastropod (freshwater)
Gyraulus deflectus (Say, 1824)
Gyraulus sp.
Lymnaea sp.
Physella gyrina (Say, 1821)
Physa sp.
Planorbella trivolvis (Say, 1817)
Stagnicola palustris (O. F. Müller, 1774)
Viviparus sp.
Annelid
Serpula vermicularis Linnaeus, 1767
Spirorbis sp.

Table 5-2: Micro-invertebrates from Everson-age deposits
Foraminifera
Botuloides ittai (Loeblich & Tappan, 1953)
Buccella frigida (Cushman, 1922)
Buccella tenerrima (Bandy, 1950)
Cassidulina laevigata d'Orbigny, 1826
Cassidulina teretis Tappan, 1951
Cassidulina sp.
Cibicidoides lobatulus (Walker & Jacob, 1798)
Cribroelphidium excavatum (Terquem, 1875)
Cribroelphidium incertum (Williamson, 1858)
Dentalina sp.
Elphidiella groenlandica (Cushman, 1933)
Elphidiella nitida Cushman, 1941
Elphidium excavatum subsp. clavatum
Cushman, 1930
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Foraminifera (cont.)
Elphidium frigidum Cushman, 1933
Elphidium tumidum Natland, 1938
Elphidium sp.
Fissurina cf. F. cucurbitasema Loeblich
& Tappan, 1953
Fissurina lucida (Williamson, 1848)
Fissurina marginata (Montagu, 1803)
Fissurina sp.
Fursenkoina seminuda (Natland, 1938)
Haynesina orbicularis (Brady, 1881)
Hyalinonetrion gracillimum (Seguenza,
1862)
Islandiella californica (Cushman &
Hughes, 1925)

Foraminifera (cont. 1)
Islandiella islandica (Nørvang, 1945)
Islandiella norcrossi (Cushman, 1933)
Lagena caudata (d'Orbigny, 1839)
Lagena semilineata Wright, 1886
Lagena striata (d'Orbigny, 1839)
Lenticulina sp.
Miliolinella subrotunda (Montagu, 1803)
Nonion sp.
Nonionella auricula Heron-Allen & Earland,
1930
Nonionella stella Cushman & Moyer, 1930
Nonionellina labradorica (Dawson, 1860)
Oolina lineata (Williamson, 1848)
Patellina corrugata Williamson, 1858
Protelphidium sp.
Pyrgo williamsoni (Silvestri, 1923)
Quinqueloculina arctica Cushman, 1933

Foraminifera (cont. 2)
Quinqueloculina seminulum (Linnaeus,1758)
Quinqueloculina stalkeri Loeblich &
Tappan, 1953
Reussoolina laevis (Montagu, 1803)
Robertina arctica d'Orbigny, 1846
Stainforthia feylingi Knudsen &
Seidenkrantz, 1994
Trifarina fluens (Todd in Cushman &
McCulloch, 1948)
Triloculina trigonula (Lamarck, 1804)
Uvigerina cushmani Todd, 1948
Ostracoda
Cytheromorpha grandwashensis Brouwers,
1990
Radiozoa (radiolaria)

Large groups including order Spumellaria (radiolaria), order Decapoda, class Ostracoda (apart
from Cytheromorpha grandwashensis), and phylum Bryozoa were not taxonomically classified
further than current designation. All foraminiferal types were calcareous benthonic forms
however rare unidentified genera appear to be agglutinated or planktonic species. Analyses were
conducted at species level for all remaining taxa, respectively.
Macro samples had an average of 36 species/region with 50% of all species being cold-water
specific (species whose core distribution is within the Artic province in average water
temperatures <5°C), 48% cosmopolitan (species within the Aleutian province including both
Artic and Panamic tropical water), and 2% warm-water (species within the tropical Panamic
province in the East Pacific). Lowest diversity, richness, and evenness of species were found in
the northern regions of Bellingham, Goshen, and Fraser Valley. Micro samples had an average of
20 species/region with 56% of all species being cold-water specific, 43% cosmopolitan, and 1%
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warm-water. Consistent with macro samples, diversity, richness, and evenness of micro species
were lowest in the mid-northern region. Final data matrices of both faunal types were
transfigured into raw and relative abundance by region and conducted on species and family
levels.
Mean raw abundance plots were produced showing the most commonly occurring taxa per
region. Progressing northward through regions, rank abundance models for macro samples (Fig.
5-1) in Central Sound show Macoma nasuta, Leukoma staminea, and Mya truncata as the
topmost recovered species, followed by occurrences of Tresus nuttallii, Hiatella arctica, and
Nucella lamellosa. Micro rank abundance models (Fig. 5-2) for the same region show Buccella
frigida, Cassidulina teretis, and Haynesina orbicularis as the most common species, followed by
Cribroelphidium incertum, Buccella tenerrima, Nonionellina labradorica and Elphidium
excavatum subsp. clavatum.
Macro samples for Whidbey Island recorded H. arctica and Balanus sp. as common taxa
followed by Mytilus edulis, Serpula vermicularis, and M. truncata. Micro samples show
radiolaria as the most common micro-invertebrate followed by foraminifera Elphidiella nitida, B.
frigida, B. tenerrima, H. orbicularis, and Elphidium frigidum.
The region of Fidalgo-MtVernon shows macro taxa Saxidomus gigantea, S. vermicularis, and
Chlamys rubida as the most occurring species collected. Foraminiferal species B. frigida and E.
nitida are the topmost occurring micro taxa followed by H. orbicularis, Cibicidoides lobatulus,
E. excavatum subsp. clavatum, and class group Ostracoda.
San Juan County records the same occurrence of S. gigantea with accompanied Balanus sp. as
the most common macro taxa, followed by H. arctica, M. edulis, and M. truncata. Micro samples
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show B. frigida, Nonion sp., E. excavatum subsp. clavatum, Elphidium sp., and Islandiella
californica as the common taxa collected.
The region of Bellingham shows S. vermicularis, C. rubida, and Nuculana pernula as the
topmost species followed by Nuculana minuta, Ciliatocardium ciliatum, and Chlamys hastata.
Micro samples record Cassidulina teretis and E. excavatum subsp. clavatum as the common
species, followed with Islandiella islandica, B. frigida, Quinqueloculina arctica, and Nonion sp.
taxa.
The Goshen region recorded N. minuta and N. pernula as the most common macro species with
C. ciliatum as a remaining common species. Micro taxa show E. excavatum subsp. clavatum, C.
teretis, H. orbicularis, and Quinqueloculina stalkeri as the most common taxa collected,
followed by I. islandica, Q. arctica, Quinqueloculina seminulum, and Cassidulina laevigata as
the remaining species.
Fraser Valley records H. arctica, M. truncata, N. pernula, and Balanus sp. as the most common
macro species, followed by M. nasuta, Macoma calcarea, and M. edulis as the remaining
common taxa. Micro samples show H. orbicularis, B. frigida, E. excavatum subsp. clavatum, C.
laevigata, I. islandica, and B. tenerrima as the most common occurring species followed by Q.
arctica, Nonion sp., and Q. stalkeri as the remaining common micro species for Fraser Valley.
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Mean raw abundance data by region (progressing northward) for macro samples assigned by
color in accordance with regional map (Fig. 2-1):

36

37

Figure 5-1. Mean raw abundances of the ten most common macro-invertebrates
with colors in accordance with regional map (Figure 2-1), N = number of samples.
Full assemblage data can be found in Appendix B.
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Mean raw abundance data by region (progressing northward) for micro samples assigned by
color in accordance with regional map (Fig. 2-1):
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Figure 5-2. Mean raw abundances of the ten most common micro-invertebrates
with colors in accordance with regional map (Figure 2-1). N = number of samples.
Full assemblage data can be found in Appendix B.

In both macro and micro assemblages, several taxa appear to be ubiquitous. The relative percent
difference in abundance and inclusion of sub-dominant species help characterize regional areas.
For macro-invertebrates, families Balanidae, Veneridae, and Tellinidae dominate the overall
faunal assemblage. Ciliatocardium ciliatum, Hiatella arctica, Mya truncata, and Balanus spp.
are significant taxa displaying relatively high abundance in many regions. Subdominant species
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are Saxidomus gigantea, Mytilus edulis, Macoma spp., and in the northern regions Nuculana spp.
dominates. San Juan County specifically contained the highest diversity of macro-invertebrate
types that include algae (Lithothamnion sp.), echinoids (Strongylocentrotus spp.), freshwater
snails (Lymnaeidae, Planorbidae, Physidae), decapods, and bryozoans.
Families Elphidiidae, Cassidulinidae, and Trichohyalidae make up over half (62%) of the entire
microfaunal assemblage (Fig. 5-3). Buccella and Elphidium are well represented in most regions
comprising over a third (36%) of all foraminiferal individuals recorded. Subdominant species are
Haynesina orbicularis, Elphidiella nitida, Islandiella islandica, and Quinqueloculina spp. The
diversity of micro-invertebrate types includes radiolaria, occurring in large numbers primarily
within the mid-southern regions, and ostracods whose distribution is scattered.

Figure 5-3. Regional occurrences of foraminiferal families. Colors in accordance with
regional map (Fig. 2-1).
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5.2

Diversity Statistics

Compositional diversity within regions is represented by the Shannon Diversity Index (H’),
Pielou’s Evenness Index (J), and Species Richness (S). The highest diversity measure for macro
was found in Region [3]: Fidalgo-MtVernon (Table 5-3). If the single sample from Central
Sound was excluded from micro measures, this also makes Fidalgo-MtVernon topmost in micro
diversity. The lowest measures for both faunal types were found near the Bellingham region.

Table 5-3: Regional Diversity Measures

Micro-invertebrates

Macro-invertebrates

Section

mean_H’

mean_S

[1] Central Sound
[2] Whidbey Island
[3] Fidalgo-MtVernon
[4] San Juan County
[5] Bellingham
[6] Goshen
[7] Fraser Valley

1.04
1.02
1.74
1.23
0.90
1.00
0.79

5.29
5.88
9.00
6.39
4.01
4.31
4.40

0.55
0.57
0.81
0.72
0.66
0.74
0.49

21
41
20
86
43
27
16

7
24
4
88
67
13
5

Southern [1-4]
Northern [5-7]

1.19
0.91

6.31
4.08

0.69
0.66

101
53

123
85

[1] Central Sound
[2] Whidbey Island
[3] Fidalgo-MtVernon
[4] San Juan County
[5] Bellingham
[6] Goshen
[7] Fraser Valley

2.19
1.54
1.87
1.20
1.28
1.45
1.65

12.00
11.50
9.75
4.00
6.15
8.82
8.33

0.86
0.69
0.87
0.87
0.74
0.65
0.79

12
26
19
5
33
28
14

1
6
4
2
33
11
3

Southern [1-4]
Northern [5-7]

1.64
1.34

9.92
6.91

0.78
0.72

33
42

13
47

H’ = Shannon Diversity Index

mean_J

S = Species Richness
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raw S

N=

J = Pielou’s Evenness Index

There is limited sample-to-sample fluctuation, yet a measurable trend of increased diversity in
both faunal types is recognized in the southern regions of Central Sound, Whidbey Island,
Fidalgo-MtVernon, and San Juan County. An apparent divide in diversity, evenness, and
richness is seen amongst regions [1-4] with those of [5-7]. Nearly every statistical measure from
the southern regions were substantially higher than those in the north. Diversity measures were
thus applied to macro- and micro-invertebrates as large-scale assemblages representing a single
southern [1-4] and northern [5-7] grouping. Comparably, diversity, mean richness, and evenness
of both faunal types report the same increased statistic in favor of southern assemblages, even
with disproportionate sample quantities.
5.3

Cluster Analysis

Site-based clustering is based on species occurrences that consider the presence and abundance
of particular taxa. Analysis of macro-invertebrates show two large clusters that broadly define
southern and northern sites (Fig. 5-4). The leftmost branch contains most samples from southern
regions, with some smaller clusters exclusively from those regions. The clusters from the
rightmost branch also show very similar trends with sites almost exclusively from northern
regions.
Site-based clustering of micro-invertebrate families also show consistent regional biasing
amongst sites (Fig. 5-5). Though not as strongly defined as macro, trends within microfaunas
also exhibit southern and northern divergence with certain regional sites occupying almost
exclusively on one half.
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Figure 5-4. Hierarchical cluster dendrogram of macro-invertebrates with dashed
line showing regional separation among sites. Colors in accordance with regional
map (Fig. 2-1).

Figure 5-5. Hierarchical cluster dendrogram of micro-invertebrate
families with dashed line showing regional separation among sites.
Colors in accordance with regional map (Fig. 2-1).
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5.4

Ordination Analysis

Non-metric multidimensional scaling (nMDS) results show very similar large-scale patterning
among sites. Macro biplot scores by region show an evenly-shaped data cloud with sharply
defined smaller clusters (Fig. 5-6A). The big Bellingham-San Juan County bifurcation again is
evident with Goshen at the edge of Bellingham; Whidbey Island and Fidalgo-MtVernon make up
smaller (opposing) clusters at the center of the San Juan County half. Interestingly, Central
Sound sites are spread across the San Juan County cluster, not defined to any specific margin. A
similar trend is seen with Fraser Valley sites plotting completely independent of all boundaries.
The micro biplot shows slight ambiguity in evaluation. Clusters again are not as strongly defined
in comparison to macro data, yet the large bifurcation between southern and northern regions is
identified with Central Sound, Whidbey Island, Fidalgo-MtVernon, and San Juan County
plotting almost all within the lower quadrants (Fig. 5-6B). Fraser Valley again shows similar
assemblage data conforming to both southern and northern areas.
The taxa-based detrended correspondence analysis (DCA) biplot shows relations between
specific faunas, suggesting some taxa types occupy sites with a restricted set of similar
environmental conditions (Fig. 5-7). Foraminifera show complete isolation clustering with few
ostracods, radiolaria, snails and clams plotting within the same cluster showing similar
environmental constraints to one another. Alternate clusters of mostly intertidal-rich taxa that
include mussels, limpets, echinoderms, snails, and barnacles define the remaining clusters. In
both groupings, clams bias within a neutral zone centralized among the cluster aggregate.
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Figure 5-6. NMDS ordination of variation in faunal assemblages of regional
distribution. A) nMDS for macro-invertebrates. B) nMDS for micro-invertebrates.
Samples (points) are plotted in species space with dashed line showing regional
separation among sites. Colors in accordance with regional map (Fig. 2-1).
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Figure 5-7. Detrended correspondence analysis plot by invertebrate type. Taxa
(points) are plotted in locality space showing clusters by similar trophic
groups.

PERMANOVA results for differences in sedimentary facies among species and sites reports a Pvalue of 0.02, indicating a statistically significant change in depositional facies across taxa
(Table 5-4). An nMDS model was produced to provide a visual summary of these distinctions
(Fig. 5-8). Three primary facies clusters were plotted recognizing the contrast between taxa-site
groups in each facies unit—a deep-water facies cluster that includes Distal (~ +10 km) and
Transitional (~ 0.1 to 10 km) facies; a shallow-water facies cluster that combines Transitional,
Proximal (~ 0 to 0.5 km), Shallow Marine, and Estuarine environments; and an emergent facies
cluster that blends Emergence with Proximal facies units, respectively.
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Table 5-4: PERMANOVA
df

sum of squares

mean of squares

pseudo-F

R2

RHS

9

4.2810

0.47567

1.2589

0.36164 0.02

residuals

20

7.5567

0.37784

P

0.63836

Table 5-4. PERMANOVA results for differences in composition of sedimentary facies
among species and sites. df = degrees of freedom, pseudo-F = F-value.

Figure 5-8. Two-dimensional plot of nMDS ordination. Facies plotted according to sitespecies structure. Red and pink colors denote deeper water facies, yellows and greens
denote transitional facies, blue and black denote shallow and/or emergence facies,
respectively.
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Chapter 6 – Paleoecological Interpretation

Several distinct fossil assemblages were identified in Everson-age sediments representing marine
conditions during the Late Pleistocene deglaciation within the Salish Sea and Puget lowlands.
The macro-invertebrate fossil assemblages are 1) Macoma-Leukoma; 2) Nuculana; 3a) HiatellaMya; 3b) Hiatella-Mytilus; and 4) a diversified Saxidomus assemblage including Chlamys,
Hiatella, and other taxa. The micro-invertebrate fossil assemblages are 1) Buccella-Elphidiella;
2) a diversified Buccella assemblage including Cassidulina, Islandiella, and other taxa; and 3) a
diversified Cassidulina assemblage including Islandiella, Quinqueloculina, and other taxa (Table
6-1). Abundant elphidiids were present throughout all sections and not singly dominant to any
specific region, though Elphidium excavatum subsp. clavatum becomes considerably more
numerous in northern regions. Elphidiids dominate proximal to retreating glaciers and are the
most frequently occurring shallow marine benthic foram of Late Quaternary glaciomarine
deposits found in northern latitudes (Vilks, 1981). Utilizing dominant assemblage data and facies
occurrences, regional paleoenvironmental conditions may be established. The following
interpretation of paleoenvironments assumes modern species provide proxies or have
homeomorphic counterparts for ecological and habitat affinities of recent Everson-age taxa.
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Table 6-1: Fossil Assemblages
Macrofaunal Assemblages
1

Macoma-Leukoma

2

Nuculana

3a

Hiatella-Mya

co-occurring associations
Mya truncata, Tresus nuttallii, Hiatella arctica,
Nucella lamellosa
Ciliatocardium ciliatum, Macoma spp.,
Keenocardium californiense, Chlamys spp.
Macoma spp., Balanus spp.

Saxidomus (Chlamys,
Hiatella)

Balanus spp., Serpula vermicularis, Mya truncata,
Saxidomus gigantea
Serpula vermicularis, Macoma spp., Leukoma staminea,
Balanus spp., Tresus capax

Microfaunal Assemblages

co-occurring associations

3b Hiatella-Mytilus
4

1
2
3

Buccella-Elphidiella
Buccella (Cassidulina,
Islandiella)
Cassidulina (Islandiella,
Quinqueloculina)

Haynesina orbicularis, Cibicidoides lobatula,
Islandiella islandica, Elphidium spp.
Haynesina orbicularis, Nonionellina labradorica,
Cribroelphidium incertum, Elphidium spp.
Elphidium spp., Nonionellina labradorica

Table 6-1. Recognized macro and microfaunal assemblage types with
co-occurring taxa.

6.1

Paleoecology and Interpretation

Central Sound [1]
Species diversity and evenness of macrofaunas in Central Sound were relatively moderate while
the single microfaunal sample shows high diversity levels among foraminifera in the region.
Single samples however may yield inaccurate and misleading results, thus reporting of microinvertebrates for Central Sound will be of limited significance.
The macro assemblage is dominated by a Macoma-Leukoma community with a sub-dominance
of Mya truncata. Occurrences of Macoma nasuta and Leukoma staminea indicate a subtidal
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shallow bay environment. L. staminea is a stenohaline species restricted to an optimal salinity
range above 27‰ (Shaw, 1986) and is incapable of surviving brackish environments for
extended periods (Talkington, 2015). Ecological tolerances for M. nasuta are euryhaline
extensive, able to adapt in high turbid salinity-reduced stresses. A study on Late Pleistocene
mollusc ecology of Haida Gwaii archipelago in western Canada by Hetherington and Reid
(2003) found assemblages of M. nasuta as the pioneer pelecypod species to colonize the region
during postglacial retreat, able to tolerate and accommodate initial meltwater dilution and
overcome all types of sedimentation instability. Macro-invertebrates in Central Sound had the
highest percentage of deposit-feeders of any southern region in the study (35%).
The microfaunal assemblage is dominated by a diverse Buccella community with sub-dominance
of species Cassidulina teretis, Haynesina orbicularis, and moderate occurrences of Nonionellina
labradorica. Test wall construction of Buccella forams are developed with supplementary
apertures allowing for adaptation to environments with high seasonal, possibly pulses, fluxes of
food and sediment. Polyak et al. (2002) found abundant Buccella spp. assemblages near a
salinity-reduced riverine and marine water mixing zone in northern latitudes. Moderate
occurrences of H. orbicularis in the assemblage is also indication of reduced salinity in a similar
mixing environment.
The sub-dominant occurrence of C. teretis is indicative of warm-water influence in subtidal areas
that shift C. teretis to cold, deeper depths during glacial and stadial periods (Osterman et al.,
1999; Cronin et al., 2019). Significant occurrences of N. labradorica in the region also positively
correlates with distal depths in finer substrates (Korsun and Hald, 1998).
Both faunal types describe a shallow sheltered bay environment (< 30m) with salinity no less
than 27‰.
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Whidbey Island [2]
Whidbey Island is characterized by having moderate levels of diversity and evenness across both
faunal types. The macro assemblage consists of a Hiatella-Mytilus community indicative of
slightly shallower water (intertidal to < 25m). Assemblages abundant with Hiatella arctica and
Mytilus edulis represent coarse-grained, rocky substrates that offer byssate bivalves firm surfaces
for attachment. The dominance of M. edulis, Balanus spp., sub-dominance of Serpula
vermicularis, and a significant increase of Saxidomus gigantea all indicate intertidal-subtidal
conditions.
The microfaunal assemblage is dominated by Buccella-Elphidiella and represents shallow cold
water at reduced salinity (25-30‰). Moderate occurrences of Haynesina orbicularis also indicate
salinity reduction in a riverine mixing environment. Elphidiella nitida is a sub-dominant species
representative of shallow cold-water, though some studies have recovered specimens of E. nitida
along the western coast in Surian (Baja C.) waters (Cushman and Todd, 1947) and in large
abundances in southern Montereyan tide pools (Murray, 1973).
The high abundance of Spumellaria (Stylodictya sp.) radiolarians found in northern Whidbey
sites probably describes seasonal eutrophic pulses that encouraged deeper water radiolaria within
the photic zone to dwell in proximity to these environments. Upwelling currents could explain
the high abundance as Stylodictya has been found to be highly controlled by upwelling-related
phytoplankton blooms in the Pacific (Yamashita et al., 2002).
Both faunal types describe a shallow bay environment (intertidal to < 25m) with reduced salinity
levels of about 27-30‰ and occurrences of riverine fluxes and tidal streams.
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Fidalgo-Mount Vernon [3]
Fidalgo-Mount Vernon is characterized by having high diversity and evenness across both faunal
types. The macro paleocommunity is dominated by a Saxidomus assemblage that includes high
occurrences of Serpula vermicularis, Chlamys rubida, and moderate occurrences of Hiatella
arctica and Leukoma staminea. The appearances of intertidal snails and limpets like
Trichotropis, Lottia, and Puncturella were the first of these types to be collected moving north
through southern regions.
Saxidomus gigantea is a temperate marine species typical of intertidal shallow conditions at
salinities between 24-32‰. In Arctic distributions, high occurrence of the polychaete Serpula
vermicularis is indicative of reduced salinity primarily associated with rocks and coarse sands as
the main sediment (Kupriyanova and Badyaev, 1998). A study on the evolutionary ecology of
the marine gastropod Trichotropis cancellata in the San Juan Archipelago shows a
kleptoparasitic relationship among T. cancellata and polychaetes during seasonal warming
periods in the region (Iyengar, 2007).
The microfaunal assemblage is again dominated by Buccella-Elphidiella with moderate
occurrences of Haynesina orbicularis, and a lesser abundance of radiolarians. Occurrences of
Cibicidoides lobatula in the assemblage is representative of a lower estuarine, coarser-grained
environment with high current activity (Conradsen, 1994). This unique occurrence of C. lobatula
can be interpreted as a response to local changes in environmental or substrate conditions,
particularly in bottom current velocities. Accumulation of coarser sediments provide preferable
attachment for foraminifera with the attached life mode like C. lobatula. Large quantities of
ostracods like Cytheromorpha grandwashensis (see Appendix A, specimen 9) and several
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unidentified genera that display smooth, flattened ventral surfaces with reticulated carapaces
were found in abundance within the Mt. Vernon area.
Assemblages near Kiket Island represent a similar shallow estuarine bay environment with
depths ranging from intertidal to < 20m in reduced salinity levels of ~28‰ and pulses of tidal
streams and riverine fluxes. East of Kiket Island, Mt. Vernon shows a slightly shallower
intertidal to emergent area of <15m depths and excess of brackish water.
San Juan County [4]
San Juan County is characterized by having high macrofaunal diversity and evenness alongside
moderate levels of evenness and diversity in microfaunas. The macro association is dominated
by Saxidomus gigantea and other intertidal forms like Balanus spp., Hiatella arctica, Macoma
spp., Mytilus edulis, and Mya truncata. The region also yields the largest number of diverse
marine and freshwater gastropods in the study. This allowed for recognition of gastropod
subgroups found on separate islands—freshwater Gyraulus assemblage on Lopez Is.; Littorina
assemblage with moderate occurrences of freshwater Planorbella on Orcas Is.; a diverse
Propebela assemblage on San Juan Is.; freshwater Physella-Planorbella on Shaw Is.; and a
single occurrence of Glossaulax on Waldron Island. Most of the freshwater snails are primarily
lentic and would only be found in pool environments.
The microfaunal assemblage is comprised of very scarce foraminiferal individuals. The
community includes a diverse Buccella assemblage with sub-dominance of Nonion and
Islandiella. A considerable increase of elphidiid Elphidium excavatum subsp. clavatum becomes
apparent moving north from San Juan Archipelago towards Canadian occupation. The subdominant Nonion are true cosmopolitan taxa distributed in many eurytopic environments,

55

substrates, and salinities, though preferring intermediate-level salinities. The only representation
of micro-invertebrates for the region was collected in the northern areas of Lopez Island;
freshwater gastropods were recovered in the southern parts of the island.
Assemblages for San Juan County represent a quiet, shallow intertidal environment with
moderate levels of salinity ranging from 26-31‰ at depths no greater than 15m, respectively.
This however does not constitute for the heterogeneity of emergent areas yielding increased
amounts of freshwater gastropods on several islands. Areas not within the shallow intertidal zone
were emergent, containing large shallow lagoonal pools and ponds most of which centralized
within the core of the San Juan Islands region.
Bellingham [5]
Bellingham is characterized by having moderately low diversity and evenness across both faunal
types. The sudden drop in diversity is apparent moving northward from San Juan Archipelago
towards the Bellingham and Goshen areas. The macro association consists of a Nuculana
community with sub-dominance of Chlamys spp. and Serpula vermicularis, alongside moderate
occurrences of Ciliatocardium ciliatum and Macoma spp.
The nuculanid Nuculana pernula has an affinity to deep muddied depths ranging from 9-40m in
salinities around 30‰, and no less than 25‰ (Aitken, 1990). Temperature ranges derived from a
comparison of modern distributions with hydrographic data suggests N. pernula is able to
tolerate polar waters ranging from -2°C to summer highs of 14°C (Aitken, 1990, Peacock, 1989);
N. minuta from 1° to 9°C (Aitken, 1990). The majority of nuculanids personally recovered in the
Bellingham region were occluded and contained attached periostracum coatings. The subdominance of Chlamys rubida, and considerable rise in occurrence of Ciliatocardium ciliatum,
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also indicate finer-grained mud to muddy-sand subtidal bottoms. C. ciliatum is a common
euryhaline Arctic-Aleutian species with a depth range of 9-20m in temperatures between -2° and
9°C (Aitken, 1990, Peacock, 1989).
A study on late Pleistocene molluscs in Bellingham Bay by Mallory et al. (1972) recorded
abundant pectens having healed interior calluses along with tightly-coiled serpulids with no
apparent transport abrasion. Serpulids are sensitive to sedimentation rates and many adapt
growing patterns in direct result to sediment accumulation (Mallory et al., 1972).
The Bellingham microfaunal assemblage is comprised of a Cassidulina-IslandiellaQuinqueloculina community that represents a shift from shallow salinity-reduced water to deeper
near-normal conditions. Hauerinids, cassidulinids, and the elphidid E. excavatum subsp.
clavatum expand their dominance as previous Buccella communities decline. Rodrigues and
Richard (1986) determined that a Cassidulina-Islandiella biofacies in late Quaternary samples
from eastern Canada indicate salinity values of 30-34‰; Guilbault (1980, 1989) estimated a
value between 27-33‰ for the same region. The leading dominance of Cassidulina teretis is
indicative specifically in the correlation of depth range and the influence of warming of
mid/upper deep-water areas during glacial and stadial periods (Cronin et al., 2019; Osterman et
al., 1999). Abundant representatives of C. teretis in shallow (Tappan, 1951) and deep water
(Cronin et al., 2019) tend to shift their depth distribution in favor of saline cold conditions.
A study on abundance increases of E. excavatum subsp. clavatum by Hald et al. (1994) on recent
and late Quaternary sediments in the Arctic seas shows most E. excavatum subsp. clavatum are
found in salinities around 33‰ in temperatures between -1.8°C and 1°C, and nearly absent
above 2.5°C. Complete dominance of E. excavatum subsp. clavatum however is typical of
restricted, very shallow, low salinity estuarine environments.
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The regions of Bellingham and San Juan County demonstrate a transitional zone between
southern and northern regions as the increase of forams E. excavatum subsp. clavatum and
Nonion spp., and pelecypod Nuculana, infer an interchange of reduced salinities to evolving
near-normal marine conditions northward. Assemblages for Bellingham represent fine-grained,
cold-water environments with near-normal salinities of about 30‰ in a shallow shelf zone at
depths between 15-30m. Few areas show shallower (< 10m) settings with reduced salinity levels
suggesting localized estuarine-like deposition.
Goshen [6]
Goshen is characterized by having low microfaunal diversity and evenness together with
moderate levels of diversity and evenness in macrofaunas. The macrofaunal assemblage is
largely dominated by Nuculana, making up 66% of the total assemblage. Ciliatocardium
ciliatum is the only other sub-dominant species that when paired with nuculanids total over
three-fourths of the total assemblage in the Goshen region. The remaining notable taxa
occurrences are Serpula vermicularis, Macoma calcarea, and the only appearance of the
Aleutian subtidal species Keenocardium californiense. The Goshen macro community contained
the highest percentage of deposit feeders found in any region of the study (72%).
The microfaunal assemblage is again dominated by Cassidulina-Quinqueloculina with a
significant abundance of Elphidium excavatum subsp. clavatum. These dominant taxa make up
63% of the overall abundance of micro-invertebrates collected in the region. A study by Korsun
and Hald (1998) on modern foraminiferal assemblages in the Russian Arctic found a correlation
amongst abundances of Cassidulina reniforme (Boreal species) and E. excavatum subsp.
clavatum to glaciomarine clay deposits in glacier-distal environments. Additionally, growing
occurrences of Nonionellina labradorica in the northern regions also positively correlates to
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findings by Korsun and Hald (1998) of N. labradorica in finer glaciomarine sediments at distal
depths. Occurrences of several species of Quinqueloculina (Q. stalkeri, Q. arctica, Q.
seminulum) present no accurate pattern recognized in the distribution of the group, the
differences in individual ecological preferences may be a result of this. Even so, in a glacial
environment the group is recognizable as having intermediate to deep-water ranges at nearnormal marine salinities and preferring finer glaciomarine substrates (Korsun and Hald, 1998).
Rare occurrences of specimen forms Fissurina, Uvigerina, Trifarina, Robertina, Dentalina, and
Nonionellina have also been recorded in Arctic and Alaskan regions by Smith (1970) indicating
a preference to cold, mid/deep water in high salinity levels. Additional forms of Fursenkoina and
Lenticulina also suggest normal salinity levels in relatively deep water. The assemblage also
recorded a higher proportion of ostracods with vastly ornamented carapaces displaying a
projection of ridges, spines, and keel-like nodes (see Appendix A, specimen 8).
Assemblages for Goshen represent cold-water environments with normal to slightly reduced
salinities of about 30‰-33‰ in a shallow shelf-zone setting. Depths are approximated within the
ranges of 20-40m.
Fraser Valley [7]
Fraser Valley is characterized by having low macrofaunal diversity and evenness along with
moderate levels of diversity and evenness across microfaunas. The macrofaunal assemblage is
dominated by a combined Hiatella-Mya-Nuculana community with significant occurrences of
Macoma and Balanus. The dominance of infaunal suspension-feeding bivalves are most
abundant on soft sediments (clay/sand-clay) typically in water less than 50m. Modern
assemblage data on Hiatella arctica-Mya truncata communities indicate soft-ground substrates
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at distances greater than 5km from ice contact and where association with other suspension
feeders is common (Aitken and Gilbert, 1996). In contrast, the same assemblage of H. arctica-M.
truncata in late Quaternary paleoenvironments are commonly found in ice proximal deposits but
of deltaic provenance (Gordillo and Aitken, 2001).
The Fraser Valley microfaunal assemblage is characterized of a diverse Buccella community
with dominant occurrences of Haynesina orbicularis and Islandiella islandica, and subdominant
occurrences of Cassidulina, Quinqueloculina, and elphidiid E. excavatum subsp. clavatum. The
micro assemblage shows similarity to the foraminiferal community of Central Sound with the
exceptions of higher elphidiid occurrences and cassidulinid species distribution—Cassidulina
teretis is more abundant in the southern regions, and Cassidulina laevigata in the northern areas.
Norwegian studies found assemblages of C. laevigata inhabiting a transitional zone below
unstable surface waters and stable marine deep-water in sandy fine-grained sediments
(Conradsen et al., 1994), often considered more typical of shelf with increased bottom current
velocities or depths beyond 10-30m (Austin and Sejrup, 1994). Fraser Valley also recorded the
highest occurrences of deep-water species Islandiella islandica whose salinity preferences are
between 30-33‰ and depth range greater than 30m (Fillon and Hunt, 1974).
Assemblages for Fraser Valley represent an upper sublittoral zone at salinities >30‰ in depths
between 30-50m in the southeastern section of the region, and localized salinity-reduced areas
showing shallower deposition (< 15m) in the northeastern portions. Re-sedimentation and
downslope transport of shallower taxa into distal depths were probably quite limited.

60

Chapter 7 – Discussion

During the Late Pleistocene, the Salish Sea and Puget lowlands encompassed a dynamic and
complex set of geologic environments influenced by a fluctuation of environmental variables
associated with rapid deglaciation. My results reveal faunal community groups that formed a
comprehensive southern and northern assemblage based on 1) diversity values, 2) regional
assemblage composition, 3) facies distribution, and 4) multivariate statistical measures.
Everson-age taxa in this study are characteristic of nearshore shallow waters adapted to a number
of substrates ranging from unconsolidated sediments to fine sandy bottoms. Regions spanning
from southernmost Central Sound through the San Juan Archipelago are likely to have 30-35%
more species than northern sites outside the archipelago. The impact of geologic processes, and
the consideration of fossil biases in preservation of certain taxa groups (e.g., soft-bodied, thinshelled), are certainly drivers on local species populations.
Assemblage structure for both micro- and macro-invertebrates documented in this study can be
interpreted ecologically using given abundance and facies distributions. Physical environmental
properties also play a role by biasing fossil preservation. Shifting seasonality distributed
terrestrial freshwater from ice decay, nearshore sea ice, and the intermixing of warm southern
currents with colder northernly waters give rise to a range of salinity values that shape the
geographical variation and taphonomic patterns of fossil specimens. Fossilization processes can
shape the final record of fossiliferous marine sediments to some degree and are worth
addressing.
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7.1

Taphonomic Considerations

The effects of biostratinomic and early diagenetic processes (mechanical, biological, and
chemical) vary among taxa represented in Everson deposits. The combination of syndepositional
crustal deformation, eustatic sea water changes, and the irregularity of land mass changes by
isostatic adjustment, certainly arrange faunal snapshots that reflect communities through the
process of deglacial change. Central Sound and Penn Cove (Whidbey Is.) recorded Whitneyella
and Molopophorus gastropods from reworked material dated substantially older (see Durham,
1944; Moore, 1963). No other region recorded significantly older faunas within any given
assemblage. Given the southward direction of ice flow and distance necessary to reach southern
regions, it is expected that older material may be incorporated into younger deposits especially in
areas furthest away. Changes in ice dynamics can alter sediment loads which determine burial
rates, postmortem transport, sediment chemistry, all of which can control rates of dissolution,
fragmentation, abrasion, and the overall account of individuals retained in the fossil record
(Powell and Davis, 1990). Aitken (1990) found that only 66% of modern shelled macrobenthos
(bivalves and snails) in the Canadian Arctic Archipelago are represented in the local Quaternary
record, and 68-86% of all genera (mostly soft-bodied) have no preservation potential at all;
infaunal suspension feeders and epifaunal browsers are preferentially preserved, especially those
inhabiting fjords and nearshore environments. Although the reworkings of older taxa like
Whitneyella were localized, elements of postmortem mechanical processes likely affected the
final construct of Everson assemblages.
Biostratinomic processes (processes occurring from time of death to final burial) like bioerosion
and encrustation were limited on the bulk of fossil specimens. Both of these processes can occur
during and after death of the host organism. Bioerosional activity showing drilling predation was
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recognized among many nuculanid bivalves recovered in northern areas but was rare or
uncommon in southern regions. Encrustation was nearly absent from the mass population of
macro-invertebrate individuals. The general absence of encrusted shells and limited bioerosional
activity suggests either minimal substrate exposure before events of rapid sedimentation, or the
lack of encrusting, boring, or grazing predators within communities. Northern regions rich in
nuculanids (e.g., Bellingham, Goshen, Fraser Valley), the majority found with organic
periostracum coatings and drill holes, were distal environments where deposition was likely
stable enough for predation to develop before burial. Northern regions produced 20% of the total
marine gastropod population collected, with 42% of that fraction representing carnivorous snails.
Certainly, this bilateral concept occurred within all communities during some instance of ice
retreat however the absence and limited frequency of biostratinomic processes suggests rapid
sedimentation throughout the extent of most regions, with extended periods of stability
particularly in northern areas.
In addition to biostratinomic activity, physicochemical conditions like acid dissolution may have
occurred as an early diagenetic process after death of the organisms. Such alteration would have
occurred prior to sediment compaction within the upper few meters of unconsolidated material.
Burial in organic-rich sediments typically accelerates dissolution of shell material due to the
buildup of CO2 and H2SO4, or both, during anaerobic decay (Brett and Baird, 1986). When
sulfides in clays are uplifted, they become oxidized and the resulting acidity may destroy partial
or the complete carbonate fossil (Spjeldnaes, 1978). Under these conditions, the refractory
organic coatings (periostracum) may be selectively preserved while carbonates are entirely
dissolved (Brett and Baird, 1986). A large portion of foraminiferal tests found in several southern
sites show partial deterioration that may be a direct result of dysoxia and acidification on
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calcareous microbenthos. Further investigation of dissolution effects on nearshore faunas is
certainly necessary for complete assertion of significance.
The observed variation of biostratinomic and taphonomic effects on Everson specimens indicate
that fossil communities were presumed as parautochthonous assemblages, communities whose
specimens have undergone minor taphonomic alteration prior to burial. Regional areas
experiencing rapid sedimentation together with significantly reduced salinity levels would have
promoted the preservation largely of intertidal species whose shells can survive in fluctuating
physicochemical settings. The macrofaunal community structure will thus be highly
representative of thicker-shelled euryhaline taxa capable of enduring dilution—conditions
observed in southern regions.
7.2

Faunal Characterization

Samples for this study confine species distribution to nearshore environments in depths less than
50 meters. Diversity among micro- and macro-invertebrates differ when analyzed in further
context. Although the overall accession of faunas shows greater diversity in southern regions
(with Fidalgo-MtVernon representing the peak of values), microfaunas display a general increase
in diversity moving north from the San Juan Archipelago whereas macrofaunas continue to
decline. The general rise in micro diversity may be a result of increased productivity in the
region, or normal adjustment within the foraminiferal species range typical of shallow coldwaters of normal marine salinity; 20-40 species (Smith, 1970). The difference may likely arise
from stabilizing marine conditions in northern areas characterized by recorded near-normal
salinities, lower rates of sedimentation, and the transition to marine-sourced food supply. Clague
et al., (1997) showed that during the Everson phase of deglaciation, the CIS had receded to
positions at the mouths of narrow valleys and fjords of the Coast Mountains where glacier fronts
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became relatively stable and further stabilized through isostatic uplift across the Fraser Lowland.
The eastern portion of Fraser Lowland saw a resurgence of ice at least twice during the latter
stages of deglaciation (~11,900 ± 100 and ~11,300 ± 80 yr. BP), events unrelated to the
Younger Dryas Chronozone (Clague et al., 1997; Clark and Clague, 2020). This may have
further supported the persistence of cold-water macrobenthos inhabiting the region. Local
geographical barriers may have also developed constraining certain taxa from migrating and/or
invading certain territories. Thermal regimes play important roles in mollusc species diversity
where low counts correlate strongly with lowering temperatures (Dyke et al., 1996). Warming
temperatures would have pushed cold-water species to find refugia in cooler waters at depths (an
advantage during postglacial dispersal for many cold-water species) subsequently returning to
shallower settings during favorable conditions. Salinities probably remained close to normal in
deeper areas, even within close proximity to the melting ice.
Data show an overall dominance of suspension-feeders (75% of the total macro assemblage)
with the Fidalgo-MtVernon region recording the highest occurrences (92%) as percentages
decreased migrating through regions in both directions. Fraser Valley was the only exception
showing an increase relative to the preceding region, very similar trending to diversity values
aforementioned. Fidalgo-MtVernon and Whidbey Island were likely dispersing high amounts of
organic content with normal/low sedimentation that allowed vast abundances of radiolarians and
suspension-feeders to thrive within those areas—common associations for suspension feeding
types. The biplot by invertebrate type (Figure 5-7) shows these organic-rich zones through the
correlation of overlapping clams/pectens, barnacles/tubeworms/mussels, and snails recovered
within those proximities. Labile organic matter was likely limited throughout the remaining
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regions apart from a subtle increase in Fraser Valley, likely due to more developed open marine
conditions and/or food pulses dispersed during early formation of the Fraser River delta.
Dyke et al., (1996) concluded that the glacial maximum and early deglacial seas were likely not
much colder than present because arctic mollusc species did not dominate during early stages of
deglaciation through the Salish region. This inference is supported by my finding that nearly
80% of molluscs found in southern regions were cosmopolitan faunas, with a value of 44% for
northern areas. This implies the southwestern ice sheet terminated into warming waters, and
perhaps the warmest encountered during the Fraser glaciation. Nearly 82% of Everson-age
macro faunas collected still inhabit the present-day Salish Sea. Thus, my work further supports
findings by Dyke et al. (1996) that it seems unlikely the periglacial zone of the Cordilleran Ice
Sheet served as a refugium of arctic invertebrates at glacial maximum, being incompatible for
faunas under any type of floating ice shelf (e.g., Easterbrook, 1963,1969).
7.3

Deglacial Environments

Isostatic adjustment was almost certainly occurring beneath the Salish region during the initial
postglacial phase (e.g., Shugar et al., 2014). Abundant freshwater gastropods recovered
throughout San Juan County and eastern areas of Fidalgo-MtVernon suggest very different
environments from those of the remaining southern and northern regions. San Juan County was
likely part of an early southern subaerial emergence during ice retreat. The recoveries of
numerous freshwater faunas and lack of micro-invertebrates confirm the development of a postglacial landscape that nearly connected the San Juan Islands with Vancouver Island and
mainland Washington (see James et al., 2009). Previous work on recovered pollen samples and
over a dozen extinct vertebrates (some showing early human activity) with correlated 14C dates
(11,990 ± 25 14C BP Kenady et al., 2011) confirm the emergence of glaciomarine substrates and
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an overall improvement of climate in southern regions (Kenady et al., 2007; Leopold et al.,
2009; Wilson et al., 2009; Kenady et al., 2011). The significant separation among faunal
assemblages of regional distribution (Figure 5-6) indicates a strong division among southern and
northern sites, establishing the formation of emerged terrain connecting Vancouver Island with
mainland Washington. Regional assemblages indicate rapid northward glacial retreat taking
place through much of the southern areas from Central Sound through the proximities of
Bellingham, while northernmost regions from Fraser Valley and beyond experienced in situ
downwasting (see Guilbault et al., 2003).
Waters in northern regions (e.g., Bellingham, Goshen, Fraser Valley) were subpolar and likely
no warmer than the modern northern Bering Sea. Circulation was quite restricted in southern
regions marked by a faunal transition from primarily euryhaline and salinity-reduced faunas
south of the Bellingham to high-salinity specific species northward. High availability of riverderived labile organic matter culminated within the restricted estuarine circulated waters to the
south as temperatures warmed. In contrast, the relatively stable glacial conditions in the north
provided sedimentation primarily of finer-grained material where meltwater would have limited
species diversity and promoted deposit-feeding types like Nuculana and Macoma.
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Chapter 8 – Conclusions

8.1

Conclusions and Future Research Recommendations

This work provides meaningful ecologic assessment of nearshore micro- and macro-invertebrates
as indicators of environmental change during rapid ice-sheet retreat across western Washington
and southern British Columbia. Faunal assemblages within southern regions indicate a highly
diverse cosmopolitan community within a reduced-salinity embayment that formed a poorlycirculated riverine and marine water mixing zone dispersing high amounts of terrestrial derived
organic material throughout the area as climate improved. Faunal communities in northern
regions exhibited lower overall diversity of relatively deeper-water taxa inhabiting near-normal
marine salinities and higher occurrences of arctic species near a substantially stable glacial front.
My study was able to detect relationships among sedimentological facies and Everson fossil
community structure, in addition to newly collected specimens and associated trends that provide
better interpretation of ecosystems through a period of rapid glacial collapse. Additionally,
geomorphic and regional context during isostatic adjustment provides improved clarity of our
understanding of deglaciation and subsequent crustal adjustment across the Salish region.
Abundant freshwater faunas collected throughout San Juan County and adjacent FidalgoMtVernon confirms the presence of regionally emerged terrain anomalous to the remaining
regions. Analyses of fossils collected by Balzarini (1981) at the Everson type section appear to
substantiate glaciomarine-sourced diamicts throughout the section. Balzarini recorded sparse
amounts of foramininfera found in the lower diamict, the only record of faunal findings known
for that unit at the type locality. These findings suggest a coeval sequence of glaciomarine and
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fluvial/deltaic deposition that contrasts to perceived correlative interpretations with exposures at
Bellingham Bay (e.g., Easterbrook, 1963, 2003). My data and interpretations for the Goshen
region, and specifically the Everson type section, are typical of distal environments where
deposits do not appear to show shallow-water biostratigraphic trends. Nevertheless, the Deming
type section is more complex than previously interpreted and may reflect a dynamic setting
beyond the scope of my study.
The homogeneity of assemblages indicates that most genera that colonized the Salish Sea and
Puget lowlands during glacial collapse originated from populations already inhabiting the region,
with the limited addition of arctic faunas that had earlier migrated south following their
appropriate temperature zones. Approximately 80% of all mollusc species found in southern
regions were cosmopolitan faunas, and nearly 82% of macro-invertebrates collected continue to
inhabit the modern Salish Sea. This suggests the ice sheet of much of the southwestern margin
terminated into warming water, and perhaps the warmest encountered. Thus, the distribution of
communities suggests change within assemblages were less ephemeral, further indicating shared
patterns of occurrence through much of deglaciation.
Thermal faunal regimes show that decreasing temperatures correlated with lower species
diversity. Southern regions record nearly 35% more species than colder northern sites. This
implies the warming of climate throughout much of the sites south of Bellingham, specifically
near the San Juan Archipelago. Increasing temperatures throughout the Salish region would have
pushed many cold-water species to refugia at greater depths, returning to shallower settings as
climate cooled (e.g., during readvance of the CIS), particularly with cold-water taxa that have
evolved large bathymetric ranges. These ecological patterns provide important evidence for the
response of these ecosystems that help constrain the vulnerability of current and future marine
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organisms experiencing very similar environments of climate change. These predictions suggest
that if temperatures continue to rise, marine communities in the modern Salish Sea will likely
experience local extinctions of many cold-water species that may have reached their bathymetric
limits. The homogeneity of many cosmopolitan faunas that still inhabit the present-day Salish
Sea show the cohesiveness of latitudinal faunal ranges, suggesting these assemblages will
continue to inhabit the area as long as marine communities are within the extreme ends of their
environmental temperature spectrums.
Recommended future research should continue to improve understanding of the correlation
between previously published dated late Pleistocene deposits throughout the Salish region
against the now current understanding of sedimentological and ecologic context and
relationships. Such studies will further refine our understanding of any questionable areas of
lithological provenance and better control reconstruction of environments. Further investigation
of dissolution effects on nearshore micro- and macrobenthos should also be addressed for
complete assertion of biostratinomic effects on relevant taxa to the region. This will determine
the efficacy of dissolution that would also enhance understanding of paleoenvironments.
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Appendix A

Plate 1
A Chlamys rubida (Hinds). B Hiatella arctica (Linnaeus). C Mytilus edulis (Linnaeus).
D Leukoma staminea (Conrad). E Macoma nasuta (Conrad).
F Nuculana pernula (O. F. Műller). G Mya truncata (Linnaeus). H Saxidomus gigantea
(Deshayes). All bars = 20cm.

Plate 2
1 Buccella frigida (Cushman). 2 Buccella tenerrima (Bandy). 3 Cassidulina laevigata
(d’Orbigny). 4 Cassidulina teretis (Tappan). 5 Elphidium excavatum subsp. clavatum (Cushman).
6 Quinqueloculina stalkeri (Loeblich & Tappan). 7 Q. seminulum (Linnaeus). 8 Actinocythereis?
dunelmensis? (Norman). 9 Cytheromorpha grandwashensis (Brouwers). All bars = 100µm.
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scale bar = 20cm
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scale bar = 100 microns
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Appendix B

82

Table 1. List of sample localities and specimen counts. Collector(s) in parenthesis.
Section 1 — Central Sound
Bainbridge_Island
A2692 (Frizzell)
Clinocardium nuttallii
Leukoma staminea
Macoma nasuta
Rexithaerus secta
Saxidomus gigantea
Tresus nuttallii
A3931 (Hannibal)
Callithaca tenerrima
Clinocardium nuttallii
Leukoma staminea
Nucella lamellosa
Saxidomus gigantea
Tresus nuttallii
A3934 (Hannibal)
Macoma nasuta

Qty

13
51
109
23
2
32
2
2
15
3
2
2
3

Marrowstone_Island
B5885 (R.C. Allison)
Acila sp.
Ciliatocardium ciliatum
Hiatella arctica
Macoma sp.
Molopophorus sp.
Mya truncata
Mytilus sp.
Nuculana minuta
Nuculana pernula
Serripes groenlandicus
Solen sp.
Whitneyella sp.
A3204 (Unknown)
Callithaca tenerrima
Leukoma staminea
Macoma nasuta
Nucella lamellosa
Nuculana minuta
Ostrea sp.

1
4
20
5
2
14
13
3
2
3
1
2
4
26
2
22
1
2
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Section 1 — Central Sound

Qty

Tresus nuttallii

3

Marysville
B3054 (Balzarini)
Buccella frigida
Buccella tenerrima
Cassidulina teretis
Clinocardium nuttallii
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Elphidium tumidum
Haynesina orbicularis
Hiatella arctica
Islandiella islandica
Lagena semilineata
Mya truncata
Nonionellina labradorica
Ostracoda
Quinqueloculina stalkeri
Reussoolina laevis
Serripes groenlandicus

42
30
42
7
33
15
5
41
15
5
1
39
22
5
4
4
9

Straight_of_Juan_de_Fuca
A4684 (Unknown)
Nuculana minuta

18

Section 2 — Whidbey Island
Libbey_Beach (Balzarini)
B3055
Buccella frigida
Buccella tenerrima
Cribroelphidium incertum
Dentalina sp.
Elphidium frigidum
Haynesina orbicularis
Islandiella islandica
Protelphidium sp.
B3055LS1 (Hernandez)
Elphidium excavatum subsp. clavatum
Quinqueloculina stalkeri

84

51
67
5
5
15
73
5
11
12
3

Section 2 — Whidbey Island

Qty

Penn_Cove
B3056 (Balzarini)
Balanus sp.
Buccella frigida
Buccella tenerrima
Ciliatocardium ciliatum
Elphidiella nitida
Elphidium frigidum
Haynesina orbicularis
Hiatella arctica
Hyalinonetrion gracillimum
Lagena semilineata
Macoma calcarea
Macoma nasuta
Miliolinella subrotunda
Mya truncata
Mytilus edulis
Nonionella auricula
Nonionella stella
Ostracoda
Protelphidium sp.
Quinqueloculina arctica
Quinqueloculina seminula
Quinqueloculina stalkeri
Saxidomus gigantea
Serpula vermicularis
Serripes groenlandicus
Spumellaria (radiolaria)
B3057 (Balzarini)
Balanus sp.
Buccella frigida
Buccella tenerrima
Cassidulina teretis
Decapoda
Elphidiella nitida
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Haynesina orbicularis
Hiatella arctica
Hyalinonetrion gracillimum
Islandiella islandica
Macoma nasuta
Mya truncata
85

43
75
58
4
5
30
49
40
2
4
3
4
6
30
34
2
5
5
7
5
27
5
2
19
14
5
30
84
56
5
4
15
5
5
54
35
5
5
15
28

Section 2 — Whidbey Island

Qty

Mytilus edulis
Nonionella auricula
Nonionella stella
Nuculana minuta
Ostracoda
Protelphidium sp.
Quinqueloculina arctica
Quinqueloculina seminula
Quinqueloculina stalkeri
Serpula vermicularis
Serripes groenlandicus
Spumellaria (radiolaria)
B7914 (Easterbrook)
Balanus sp.
Dermatomya tenuiconcha
Hiatella arctica
Laevicardium sp.
Macoma nasuta
Nuculana pernula
Rexithaerus indentata
B7915 (Easterbrook)
Bryozoa
Ciliatocardium ciliatum
Hiatella arctica
Macoma moesta
Modiolus sp.
Mya sp.
Mytilus edulis
B7916 (Easterbrook)
Bryozoa
Ciliatocardium ciliatum
Macoma nasuta
Mya truncata
Saxidomus gigantea
B3056P1 (Hernandez)
Balanus sp.
Buccella frigida
Buccella tenerrima
Cassidulina laevigata
Clinocardium nuttallii
Cribroelphidium excavatum
Cribroelphidium incertum
Elphidiella nitida
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40
3
3
2
2
5
3
15
2
3
2
15
10
9
14
2
2
1
1
20
1
28
4
60
2
18
35
1
35
4
51
25
85
36
3
1
80
45
24

Section 2 — Whidbey Island

Qty

Elphidium excavatum subsp. clavatum
Elphidium frigidum
Fissurina sp.
Haynesina orbicularis
Hiatella arctica
Hyalinonetrion gracillimum
Macoma calcarea
Macoma nasuta
Mya sp.
Mya truncata
Nonionella auricula
Nonionellina labradorica
Pronucula tenuis
Quinqueloculina seminula
Quinqueloculina stalkeri
Serripes groenlandicus
Spumellaria (radiolaria)
B3056P2 (Hernandez)
Buccella frigida
Buccella tenerrima
Cassidulina teretis
Cribroelphidium incertum
Elphidiella nitida
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Patellina corrugata
Quinqueloculina seminula
Spumellaria (radiolaria)
B3057P2 (Hernandez)
Balanus sp.
Ciliatocardium ciliatum
Clinocardium nuttallii
Concavus concavus
Cryptonatica affinis
Hiatella arctica
Macoma calcarea
Macoma nasuta
Macoma sp.
Margarites pupillus
Mya sp.
Mya truncata
Mytilus edulis
Nuculana minuta
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6
128
3
24
13
3
3
1
1
5
3
12
1
13
9
3
250
43
3
3
12
305
12
21
3
3
250
100
2
2
26
1
73
23
1
12
3
2
13
1
1

Section 2 — Whidbey Island

Qty

Odostomia quadrae
Serpula vermicularis
Serripes groenlandicus
Strongylocentrotus sp.
A7608 (Unknown)
Ciliatocardium ciliatum
Clinocardium nuttallii
Hiatella arctica
Macoma calcarea
Macoma inquinata
Mya arenaria
Mytilus sp.
Nuculana minuta
Saxidomus gigantea
Serpula vermicularis
Serripes groenlandicus
A9463 (Unknown)
Balanus sp.
Ciliatocardium ciliatum
Clinocardium sp.
Hiatella arctica
Macoma incongrua
Macoma inquinata
Macoma moesta
Macoma nasuta
Mitrella gausapata
Mya truncata
Mytilus trossulus
Serpula vermicularis
Serripes groenlandicus
Whitneyella sp.
A9464 (Unknown)
Ciliatocardium ciliatum
Clinocardium sp.
Hiatella arctica
Macoma incongrua
Macoma inquinata
Macoma moesta
Macoma nasuta
Megabalanus californicus
Mya truncata
Serpula vermicularis
Serripes groenlandicus
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1
100
5
20
4
3
60
11
4
2
1
1
1
9
2
37
2
2
31
6
1
7
16
1
5
11
2
20
1
4
1
23
7
5
1
4
40
31
14
5

Section 2 — Whidbey Island

Qty

Smith_Island
B7132 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Leukoma staminea
Macoma sp.
Mya sp.
Nuculana sp.
Saxidomus gigantea
Serripes groenlandicus
B7133 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Clinocardium sp.
Modiolus modiolus
Mytilus edulis
B7134 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Leukoma staminea
Mytilus edulis

1
2
14
2
2
19
1
2
2
2
10
1
1
50
1
6
25
5
6

Stanwood
B7100 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Littorina sitkana
Macoma sp.
Mya truncata
Nuculana pernula

1
10
1
8
6
1

Whidbey_Island
B6768 (Unknown)
Mya truncata
B6769 (Unknown)
Macoma calcarea
Serripes groenlandicus
B6770 (Unknown)
Macoma nasuta
Serpula vermicularis

2
2
9
2
1
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Section 2 — Whidbey Island

Qty

B6771 (Unknown)
Mya truncata
Saxidomus gigantea
B6772 (Unknown)
Saxidomus gigantea
B6774 (Unknown)
Saxidomus gigantea
B6775 (Unknown)
Mya truncata
B6776 (Unknown)
Saxidomus gigantea
B6777 (Unknown)
Saxidomus gigantea
B6778 (Unknown)
Hiatella arctica
Mya truncata
Saxidomus gigantea

11
10
3
6
7
10
9
2
3
12

Section 3 — Fidalgo-MtVernon
Kiket_Island
B3058 (Balzarini)
Balanus sp.
Buccella frigida
Buccella tenerrima
Cassidulina teretis
Cibicidoides lobatula
Elphidiella nitida
Haynesina orbicularis
Hiatella arctica
Lottia persona
Macoma inquinata
Macoma nasuta
Nonionella auricula
Nonionella stella
Nonionellina labradorica
Nucella lamellosa
Ostracoda
Quinqueloculina arctica
Quinqueloculina seminula
Quinqueloculina stalkeri
Saxidomus gigantea
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1
53
30
15
30
39
45
5
1
4
1
4
5
4
1
35
15
5
5
10

Section 3 — Fidalgo-MtVernon

Qty

Serpula vermicularis
Spumellaria (radiolaria)
Trichotropis cancellata
B3059 (Balzarini)
Balanus sp.
Botuloides ittai
Buccella frigida
Buccella tenerrima
Cassidulina teretis
Chlamys behringiana
Chlamys rubida
Cibicidoides lobatula
Ciliatocardium ciliatum
Elphidiella nitida
Elphidium frigidum
Haynesina orbicularis
Hiatella arctica
Leukoma staminea
Lottia persona
Macoma inquinata
Macoma nasuta
Mya truncata
Nonionella auricula
Nonionella stella
Nonionellina labradorica
Ostracoda
Puncturella galeata
Quinqueloculina arctica
Quinqueloculina stalkeri
Saxidomus gigantea
Serpula vermicularis
Trichotropis cancellata
Mount_Vernon
B1014 (Balzarini)
Buccella frigida
Clinocardium nuttallii
Elphidiella nitida
Elphidium excavatum subsp. clavatum
Hiatella arctica
Leukoma staminea
Macoma lama
Ostracoda
91

5
5
3
18
5
41
30
32
13
41
47
3
45
5
51
19
2
1
4
5
5
2
3
3
29
2
5
15
18
34
5

30
1
45
30
3
8
1
3

Section 3 — Fidalgo-MtVernon

Qty

Saxidomus gigantea
Tresus capax
B2930 (Dethier)
Buccella frigida
Cribroelphidium incertum
Elphidiella nitida
Elphidium excavatum subsp. clavatum
Hiatella arctica
Leukoma staminea
Macoma lama
Margarites pupillus
Mytilus edulis
Nonion sp.
Ostracoda
Quinqueloculina stalkeri
Saxidomus gigantea
Serpula vermicularis

Section 4 — San Juan County
Lopez_Island
B2396 (Bierley/Hoffman)
Clinocardium nuttallii
Hiatella arctica
Macoma nasuta
Macoma sp.
Nuculana pernula
Nuculana sp.
Saxidomus gigantea
B2397 (Bierley/Hoffman)
Macoma nasuta
Saxidomus gigantea
B2400 (Bierley/Hoffman)
Hiatella arctica
Polinices sp.
B2403 (Bierley/Hoffman)
Clinocardium nuttallii
Gyraulus deflectus
Macoma brota
Macoma calcarea
Stagnicola palustris
B2404 (Bierley/Hoffman)

25
17
30
30
15
42
1
12
2
1
3
16
15
1
10
4

1
2
2
10
1
1
13
2
17
3
1
1
1
2
2
1
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Section 4 — San Juan County

Qty

Hiatella arctica
Saxidomus gigantea
B2406 (Bierley/Hoffman)
Macoma nasuta
B2407 (Bierley/Hoffman)
Tresus capax
B2408 (Bierley/Hoffman)
Lottia persona
Mytilus sp.
Saxidomus gigantea
B7101 (Dethier)
Ciliatocardium ciliatum
Mya arenaria
Nuculana pernula
B7103 (Dethier)
Clinocardium nuttallii
Gyraulus sp.
Leukoma staminea
Lymnaea sp.
Macoma nasuta
Mya truncata
Mytilus sp.
Nuculana minuta
Physa sp.
Saxidomus gigantea
Tonicella lineata
B7104 (Dethier)
Balanus sp.
Bryozoa
Chlamys sp.
Hiatella arctica
Leukoma staminea
Lithothamnion sp.
Littorina sitkana
Lottia pelta
Lottia scutum
Lottia strigatella
Macoma nasuta
Macoma obliqua
Margarites pupillus
Mya arenaria
Mya truncata
Mytilus sp.

1
2
2
1
1
1
2
5
5
5
1
200
5
16
4
2
3
5
1
14
4
4
1
2
9
1
1
3
2
5
16
7
40
8
8
7
4
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Section 4 — San Juan County

Qty

Saxidomus gigantea
Serpula vermicularis
Strongylocentrotus droebachiensis
Trichotropis cancellata
A9788 (J.D. Shaw)
Buccella frigida
Elphidium excavatum subsp. clavatum
Islandiella californica
Nonion sp.
A9790 (J.D. Shaw)
Buccella frigida
Elphidium excavatum subsp. clavatum
Elphidium sp.
A9791 (J.D. Shaw)
Balanus sp.
Ciliatocardium ciliatum
Cryptonatica affinis
Hiatella arctica
Leukoma staminea
Lottia pelta
Lottia persona
Macoma inquinata
Mya sp.
Mytilus edulis
Nuculana minuta
Saxidomus gigantea
Tectura rosacea
Tonicella lineata
B2358 (Jayaraman/Thompson)
Leukoma staminea
Macoma calcarea
Mytilus edulis
Saxidomus gigantea
B2360 (Jayaraman/Thompson)
Hiatella arctica
Macoma calcarea
Mya truncata
Mytilus edulis
Nuculana minuta
Stagnicola palustris
B2361 (Jayaraman/Thompson)
Clinocardium nuttallii
Hiatella arctica
94

30
4
1
40
1
1
5
6
5
5
5
3
4
1
3
1
3
6
11
1
1
2
22
3
2
3
2
3
25
2
1
1
1
1
1
3
1

Section 4 — San Juan County

Qty

Leukoma staminea
Lottia pelta
Macoma calcarea
Macoma nasuta
B2362 (Jayaraman/Thompson)
Leukoma staminea
Littorina scutulata
Macoma calcarea
Saxidomus gigantea
B2363 (Jayaraman/Thompson)
Mytilus trossulus
Saxidomus gigantea
B2364 (Jayaraman/Thompson)
Leukoma staminea
Macoma calcarea
Mytilus trossulus
B2409 (Mallory/Crandall)
Balanus sp.
Hiatella arctica
Littorina sitkana
Lottia persona
Saxidomus gigantea
B2410 (Mallory/Crandall)
Ciliatocardium ciliatum
B2411 (Mallory/Crandall)
Lottia pelta
Saxidomus gigantea
B2413 (Mallory/Crandall)
Ciliatocardium ciliatum
Leukoma staminea
Littorina sitkana
Lottia persona
Macoma calcarea
Mya truncata
Mytilus edulis
Nuculana minuta
Saxidomus gigantea
Tonicella lineata
B2414 (Mallory/Crandall)
Hiatella arctica
Mytilus edulis
Saxidomus gigantea
B2416 (Mallory/Crandall)
95

3
1
1
1
8
1
1
2
2
2
2
2
2
1
1
2
1
6
4
2
2
1
2
1
1
8
6
11
1
3
1
1
2
1

Section 4 — San Juan County

Qty

Ciliatocardium ciliatum
Saxidomus gigantea
B2417 (Mallory/Crandall)
Hiatella arctica
Lottia persona
Macoma calcarea
Mya truncata
Mytilus edulis
Saxidomus gigantea
Tresus capax
B2418 (Mallory/Crandall)
Calliostoma ligatum
Ciliatocardium ciliatum
Hiatella arctica
Lottia pelta
Nuculana minuta
Saxidomus gigantea
B2419 (Mallory/Crandall)
Hiatella arctica
B2087 (Unknown)
Chione californiensis
Dallocardia quadragenarium
Hiatella arctica
Leukoma staminea
Macoma calcarea
Macoma nasuta
Saxidomus gigantea
B2144 (Unknown)
Ciliatocardium ciliatum
Macoma nasuta
B2366 (Wiley/Rivera)
Acmaea sp.
Ciliatocardium ciliatum
Clinocardium nuttallii
Hiatella arctica
Nuculana minuta
B2367 (Wiley/Rivera)
Mytilus edulis
Saxidomus gigantea
Tresus capax
B2368 (Wiley/Rivera)
Hiatella arctica
Leukoma staminea
96

8
1
1
2
4
1
15
7
1
3
1
7
4
4
4
2
5
3
1
1
8
4
4
7
3
1
1
1
1
2
3
12
2
3
7

Section 4 — San Juan County

Qty

Lottia scutum
Macoma nasuta
Saxidomus gigantea
B2370 (Wiley/Rivera)
Gyraulus deflectus
Lottia pelta
Stagnicola palustris
B2371 (Wiley/Rivera)
Leukoma staminea
Macoma nasuta
Mya truncata
Saxidomus gigantea
B2372 (Wiley/Rivera)
Nuculana minuta
Saxidomus gigantea
B2386 (Wiley/Rivera)
Acmaea sp.
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Macoma calcarea
Macoma nasuta
Saxidomus gigantea
B2387 (Wiley/Rivera)
Ciliatocardium ciliatum
Mya truncata
Nuculana minuta
B2388 (Wiley/Rivera)
Balanus sp.
Macoma calcarea
Saxidomus gigantea
B2389 (Wiley/Rivera)
Acmaea sp.
Balanus sp.
Clinocardium nuttallii
Littorina sp.
Macoma calcarea
Macoma nasuta
Nuculana minuta
Saxidomus gigantea
Serpula vermicularis

2
6
33
1
2
4
3
6
1
7
3
12
1
6
1
1
1
2
12
20
3
1
2
3
2
1
2
1
1
4
4
1
26
2
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Section 4 — San Juan County

Qty

B2390 (Wiley/Rivera)
Balanus sp.
Macoma calcarea
Saxidomus gigantea
Scaphander sp.
Stagnicola palustris
B2392 (Wiley/Rivera)
Balanus sp.
Clinocardium nuttallii
Leukoma staminea
Macoma calcarea
Saxidomus gigantea
B2393 (Wiley/Rivera)
Clinocardium sp.
Hiatella arctica
Littorina sitkana
Lottia pelta
Nuculana minuta
Saxidomus gigantea
B2395 (Wiley/Rivera)
Clinocardium nuttallii
Leukoma staminea
Macoma calcarea
Macoma nasuta
Saxidomus gigantea

3
4
1
1
1
2
1
2
4
6
1
9
2
4
4
3
2
4
4
2
1

Orcas_Island
B7869 (Helsell)
Planorbidae (Freshwater gastropod)
Lymnaea sp.
Macoma calcarea
Mya truncata
A4461 (J.D. Shaw)
Chlamys hastata
Chlamys rubida
Ciliatocardium ciliatum
Nuculana minuta
A9764 (J.D. Shaw)
Mytilus edulis
Saxidomus gigantea
A9765 (J.D. Shaw)
Balanus sp.
Ciliatocardium ciliatum
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13
36
17
7
2
19
1
1
1
2
2
1

Section 4 — San Juan County

Qty

Leukoma staminea
Littorina sitkana
Saxidomus gigantea
Strongylocentrotus sp.
A9767 (J.D. Shaw)
Balanus sp.
Ciliatocardium ciliatum
Clinocardium nuttallii
Cryptonatica affinis
Eulithidium comptum
Leukoma staminea
Littorina sitkana
Lottia pelta
Macoma incongrua
Macoma inquinata
Mya truncata
Mytilus edulis
Neverita lewisii
Planorbella trivolvis
Saxidomus gigantea
Stagnicola palustris
Strongylocentrotus sp.
Tectura rosacea
A9768 (J.D. Shaw)
Balanus sp.
Hiatella arctica
Macoma incongrua
Macoma inquinata
Macoma sp.
Mya truncata
Mytilus edulis
Serripes groenlandicus
A9775 (J.D. Shaw)
Chlamys rubida
Leukoma staminea
Macoma incongrua
Macoma inquinata
Mya truncata
Mytilus edulis
Saxidomus gigantea
Serpula vermicularis
Serripes groenlandicus
Trichotropis cancellata

1
1
10
3
3
2
12
1
12
11
25
14
46
22
1
71
1
7
41
8
1
1
100
15
4
12
1
5
8
2
9
4
1
3
4
4
38
16
1
1
99

Section 4 — San Juan County

Qty

A9776 (J.D. Shaw)
Balanus sp.
Clinocardium nuttallii
Mya sp.
A9777 (J.D. Shaw)
Chlamys rubida
Ciliatocardium ciliatum
Clinocardium nuttallii
Cryptonatica affinis
Hiatella arctica
Leukoma staminea
Macoma incongrua
Macoma inquinata
Mya truncata
Mytilus edulis
Nuculana pernula
Nuculana sp.
Saxidomus gigantea
Serpula vermicularis
Serripes groenlandicus
Strongylocentrotus purpuratus
A2688 (Unknown)
Chlamys rubida
Ciliatocardium ciliatum
Clinocardium nuttallii
Cryptonatica affinis
Hiatella arctica
Leukoma staminea
Littorina sitkana
Macoma inquinata
Mya truncata
Mytilus edulis
Saxidomus gigantea
Serpula vermicularis
Strongylocentrotus sp.
Tresus nuttallii
Trichotropis cancellata
San_Juan_Island
B5103 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica

2
1
4
1
7
2
1
1
3
1
2
1
31
1
2
16
5
3
2
2
2
6
1
16
12
6
57
9
20
20
11
3
3
1

2
1
4
100

Section 4 — San Juan County

Qty

Mya truncata
Mytilus edulis
B6151 (Dethier)
Bryozoa
Ciliatocardium ciliatum
Concavus concavus
Cryptonatica affinis
Hiatella arctica
Macoma calcarea
Mya truncata
Mytilus trossulus
Nuculana pernula
Pronucula tenuis
Propebela harpularia
Serpula vermicularis
Serripes groenlandicus
Spirorbis sp.
Viviparus sp.
B6152 (Dethier)
Balanus sp.
Chlamys rubida
Clinocardium nuttallii
Clinocardium sp.
Cryptonatica affinis
Hiatella arctica
Littorina saxatilis
Lottia pelta
Lottia persona
Macoma brota
Macoma calcarea
Macoma inquinata
Macoma obliqua
Macoma sp.
Margarites pupillus
Mya truncata
Nuculana pernula
Saxidomus gigantea
Serpula vermicularis
Serripes sp.
Spirorbis sp.
Strongylocentrotus droebachiensis
Trichotropis cancellata
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5
2
1
28
28
2
16
53
16
6
6
13
5
1
25
1
1
2
2
1
5
1
2
1
3
1
1
5
3
8
15
6
6
5
6
2
1
1
10
21

Section 4 — San Juan County

Qty

B7106 (Dethier)
Balanus sp.
Glossaulax draconis
Hiatella arctica
Mya truncata
Mytilus sp.
Serripes groenlandicus
B7107 (Dethier)
Balanus sp.
Macoma nasuta
Macoma sp.
Mytilus sp.
Saxidomus gigantea
Tresus capax
B7110 (Dethier)
Clinocardium sp.
Hiatella arctica
Saxidomus gigantea
B7117 (Dethier)
Aulacofusus brevicauda
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Macoma calcarea
Mya arenaria
Mytilus edulis
Nuculana pernula
Nuculana tenuisulcata
Serripes groenlandicus
Trichotropis cancellata
B7118 (Dethier)
Balanus sp.
Hiatella arctica
Macoma obliqua
Mya truncata
Mytilus edulis
B7119 (Dethier)
Clinocardium sp.
Hiatella arctica
Mytilus sp.
Saxidomus gigantea
B7120 (Dethier)
Balanus sp.

2
1
83
75
8
2
10
20
19
5
5
1
38
10
2
1
201
9
13
17
13
25
4
3
3
8
200
7
1
13
20
1
8
26
3
15
102

Section 4 — San Juan County

Qty

Hiatella arctica
Macoma calcarea
Mya arenaria
Nuculana pernula
Saxidomus gigantea
B7121 (Dethier)
Clinocardium nuttallii
Lottia pelta
Nuculana pernula
Saxidomus gigantea
B7122 (Dethier)
Balanus sp.
Clinocardium sp.
Hiatella arctica
Nuculana minuta
B7123 (Dethier)
Balanus sp.
Clinocardium sp.
Hiatella arctica
Mya truncata
Nuculana pernula
B7124 (Dethier)
Ciliatocardium ciliatum
Hiatella arctica
Mya truncata
Mytilus edulis
Nuculana sp.
B7125 (Dethier)
Ciliatocardium ciliatum
Nuculana pernula
B7126 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Macoma nasuta
Mya arenaria
Mytilus edulis
Nuculana sp.
Saxidomus gigantea
Serripes groenlandicus
B7127 (Dethier)
Balanus sp.
Ciliatocardium ciliatum

1
1
8
1
1
12
2
18
25
3
7
1
2
1
9
25
20
44
11
3
10
1
18
1
3
3
24
4
25
50
50
2
5
10
10
12
103

Section 4 — San Juan County

Qty

Decapoda
Hiatella arctica
Macoma sp.
Mya arenaria
Mya truncata
Mytilus edulis
Nuculana pernula
Puncturella galeata
Serpula vermicularis
Serripes groenlandicus
Trichotropis cancellata
B7128 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Macoma sp.
Mya arenaria
Nuculana pernula
Pandora wardiana
Serripes groenlandicus
Trichotropis cancellata
B7129 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Macoma sp.
Mya sp.
Nuculana pernula
Saxidomus gigantea
Serripes groenlandicus
Trichotropis cancellata
B7130 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Nuculana pernula
B7131 (Dethier)
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Nuculana pernula
A9795 (J.D.Shaw)
Hiatella arctica
Mytilus edulis

1
21
8
10
15
15
2
1
1
5
1
44
4
9
16
11
5
3
1
1
4
5
2
18
2
2
4
7
4
1
4
17
6
6
16
30
50
11
104

Section 4 — San Juan County

Qty

Nuculana minuta
Nuculana pernula
A9796 (J.D.Shaw)
Chlamys sp.
Ciliatocardium ciliatum
Clinocardium nuttallii
Leukoma staminea
Lottia persona
Mytilus edulis
Saxidomus sp.
Serpula vermicularis
Trichotropis cancellata
A9797 (J.D.Shaw)
Balanus crenatus
Buccinum lyperium
Ciliatocardium ciliatum
Clinocardium nuttallii
Cryptonatica affinis
Hiatella arctica
Macoma incongrua
Macoma nasuta
Mya truncata
Mytilus edulis
Nuculana pernula
Serpula vermicularis
Serripes groenlandicus
A9798 (J.D.Shaw)
Callithaca tenerrima
Chlamys sp.
Ciliatocardium ciliatum
Clinocardium nuttallii
Lottia persona
Macoma incongrua
Macoma sp.
Mitrella gausapata
Mya sp.
Mya truncata
Mytilus edulis
Nuculana minuta
Nuculana pernula
Saxidomus gigantea
Serpula vermicularis
Strongylocentrotus purpuratus
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1
1
4
1
2
3
2
2
53
21
8
86
1
2
41
1
78
1
13
27
29
2
3
44
1
1
6
4
1
8
2
1
1
84
3
5
2
78
4
12

Section 4 — San Juan County

Qty

Strongylocentrotus sp.
Trichotropis cancellata
A9799 (J.D.Shaw)
Balanus sp.
Ciliatocardium ciliatum
Hiatella arctica
Macoma incongrua
Mya truncata
Mytilus edulis
Serpula vermicularis
Serripes groenlandicus

13
3
13
1
42
4
8
18
5
4

Shaw_Island
B7108 (Dethier)
Balanus sp.
Chlamys sp.
Ciliatocardium ciliatum
Clinocardium nuttallii
Littorina sitkana
Lottia sp.
Macoma nasuta
Macoma sp.
Mytilus sp.
Nuculana pernula
Saxidomus gigantea
Serpula vermicularis
Trichotropis cancellata
A9778 (J.D. Shaw)
Clinocardium nuttallii
Hiatella arctica
Macoma nasuta
Macoma sp.
Mitrella gausapata
Mya truncata
Nuculana sp.
Paciocinebrina barbarensis
Serpula vermicularis
Serripes groenlandicus
Trichotropis cancellata
A9779 (J.D. Shaw)
Balanus sp.
Clinocardium nuttallii
Eulithidium comptum
106

5
9
2
12
2
4
4
10
20
7
49
1
1
3
8
1
2
2
1
3
1
15
3
4
3
58
1

Section 4 — San Juan County

Qty

Hiatella arctica
Leukoma staminea
Macoma inquinata
Macoma nasuta
Macoma sp.
Mya arenaria
Mya truncata
Mytilus edulis
Physella gyrina
Planorbella trivolvis
Saxidomus gigantea
Tresus nuttallii
A9780 (J.D. Shaw)
Balanus sp.
Chlamys sp.
Ciliatocardium ciliatum
Clinocardium nuttallii
Fusitriton oregonensis
Lottia pelta
Macoma inquinata
Mya truncata
Nuculana minuta
Puncturella galeata
Saxidomus gigantea
Serpula vermicularis
Trichotropis cancellata

1
6
12
5
8
1
1
11
12
10
86
2
3
38
3
2
1
1
1
5
1
6
9
2
4

Waldron_Island
B7105 (Dethier)
Bryozoa
Chlamys rubida
Glossaulax draconis
Leukoma staminea
Nuculana sp.
Serpula vermicularis
Trichotropis cancellata
B7111 (Dethier)
Balanus sp.
Macoma sp.
Nuculana sp.
B7112 (Dethier)
Chlamys rubida
Ciliatocardium ciliatum

1
22
1
15
8
1
1
9
10
2
29
7
107

Section 4 — San Juan County

Qty

Macoma nasuta
Macoma sp.
Mya truncata
Saxidomus gigantea
Serpula vermicularis
B7113 (Dethier)
Saxidomus gigantea
B7150 (Dethier)
Leopecten stearnsii

7
13
3
7
1
14
11

Section 5 — Bellingham
Bellingham
A4704 (Balzarini)
Buccella frigida
Buccella tenerrima
Elphidium tumidum
Haynesina orbicularis
Mya truncata
B3066 (Balzarini)
Cassidulina laevigata
Cassidulina teretis
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Haynesina orbicularis
Islandiella islandica
Nonion sp.
Quinqueloculina stalkeri
B3067 (Balzarini)
Buccella frigida
Cassidulina laevigata
Elphidium excavatum subsp. clavatum
Islandiella islandica
Nonion sp.
Quinqueloculina stalkeri
A1171 (Easterbrook)
Balanus sp.
Chlamys rubida
Ciliatocardium ciliatum
Hiatella arctica
Leukoma sp.
Leukoma staminea
108

15
30
5
44
62
2
11
11
3
22
14
5
4
2
3
4
15
2
3
6
17
2
1
1
3

Section 5 — Bellingham

Qty

Macoma carlottensis
Macoma incongrua
Macoma inquinata
Macoma nasuta
Macoma sp.
Nuculana pernula
Serpula vermicularis
A1173 (Easterbrook)
Balanus sp.
Cassidulina laevigata
Cassidulina teretis
Chlamys rubida
Chlamys sp.
Ciliatocardium ciliatum
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Fissurina lucida
Haynesina orbicularis
Islandiella islandica
Nonion sp.
Nonionellina labradorica
Nuculana minuta
Nuculana pernula
Quinqueloculina arctica
Quinqueloculina stalkeri
Serpula vermicularis
A1186 (Easterbrook)
Chlamys rubida
Clinocardium sp.
Hiatella arctica
Nuculana pernula
Serpula vermicularis
A1187 (Easterbrook)
Balanus sp.
Hiatella arctica
Macoma sp.
Nuculana minuta
A1188 (Easterbrook)
Macoma sp.
Serpula vermicularis
A1189 (Easterbrook)
Chlamys rubida
Mya sp.
109

2
2
1
7
1
5
7
8
2
37
3
4
13
20
3
4
4
11
1
2
31
31
5
5
1
1
1
1
2
2
13
2
2
2
3
8
1
1

Section 5 — Bellingham

Qty

Nuculana minuta
Nuculana pernula
A1190 (Easterbrook)
Buccella frigida
Buccella tenerrima
Cassidulina teretis
Ciliatocardium ciliatum
Clinocardium sp.
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Fissurina lucida
Haynesina orbicularis
Nuculana minuta
Nuculana pernula
Quinqueloculina stalkeri
A1191 (Easterbrook)
Mya sp.
Saxidomus gigantea
A1195 (Easterbrook)
Balanus sp.
A1196 (Easterbrook)
Nuculana minuta
Nuculana pernula
Bellingham_Bay
B3062 (Balzarini)
Balanus sp.
Buccella frigida
Cassidulina laevigata
Cassidulina teretis
Chlamys rubida
Ciliatocardium ciliatum
Elphidium excavatum subsp. clavatum
Elphidium sp.
Fissurina lucida
Islandiella islandica
Lagena semilineata
Nonion sp.
Nonionellina labradorica
Nuculana minuta
Nuculana pernula
Quinqueloculina arctica
Quinqueloculina stalkeri
110

3
1
1
3
36
2
2
3
25
3
8
13
4
2
1
1
22
3
2

1
15
5
32
7
3
30
15
5
15
3
31
5
1
2
48
13

Section 5 — Bellingham

Qty

Reussoolina laevis
B3063 (Balzarini)
Buccella tenerrima
Cassidulina teretis
Ciliatocardium ciliatum
Cribroelphidium incertum
Cryptonatica affinis
Elphidium excavatum subsp. clavatum
Fissurina lucida
Haynesina orbicularis
Islandiella islandica
Lagena striata
Leukoma staminea
Macoma calcarea
Nonion sp.
Nuculana minuta
Nuculana pernula
Quinqueloculina arctica
Quinqueloculina stalkeri
B3064 (Balzarini)
Cassidulina teretis
Chlamys rubida
Ciliatocardium ciliatum
Elphidium excavatum subsp. clavatum
Islandiella islandica
Macoma sp.
Nuculana minuta
Serpula vermicularis
B3065 (Balzarini)
Buccella frigida
Buccella tenerrima
Cassidulina teretis
Chlamys rubida
Elphidium excavatum subsp. clavatum
Fissurina lucida
Haynesina orbicularis
Islandiella islandica
Nonion sp.
Nuculana pernula
Ostracoda
A1174 (Easterbrook)
Astarte alaskensis
Chlamys hastata
111

5
5
45
8
5
1
15
5
5
5
4
4
1
22
14
33
10
5
15
10
25
15
5
1
24
6
15
5
55
4
30
5
31
15
27
2
5
7
1

Section 5 — Bellingham

Qty

Chlamys rubida
Ciliatocardium ciliatum
Hiatella arctica
Leukoma staminea
Lottia pelta
Macoma incongrua
Macoma nasuta
Margarites pupillus
Megabalanus californicus
Nuculana minuta
Nuculana pernula
Polinices sp.
Saxidomus gigantea
Serpula vermicularis
Sinum scopulosum
Trichotropis cancellata
Trichotropis conica
A1178 (Easterbrook)
Chlamys hastata
Chlamys rubida
Chlamys sp.
Nuculana minuta
Nuculana pernula
A1179 (Easterbrook)
Chlamys hastata
Chlamys rubida
Ciliatocardium ciliatum
Hiatella arctica
Lottia persona
Macoma incongrua
Macoma nasuta
Nuculana minuta
Nuculana pernula
Polinices sp.
Serpula vermicularis
Trichotropis conica
A1180 (Easterbrook)
Ciliatocardium ciliatum
Hiatella arctica
Macoma nasuta
Nuculana minuta
Nuculana pernula
Serpula vermicularis
112

3
7
15
13
2
16
13
2
13
7
15
2
15
13
2
1
16
16
2
2
7
2
17
4
13
2
1
3
6
3
13
2
5
4
2
2
1
3
16
2

Section 5 — Bellingham

Qty

A1200 (Easterbrook)
Chlamys rubida
Ciliatocardium ciliatum
Nuculana minuta
A1430 (Easterbrook)
Chlamys rubida
Ciliatocardium ciliatum
Clinocardium sp.
Hiatella arctica
Latisipho hallii
Macoma incongrua
Macoma nasuta
Nuculana minuta
Nuculana pernula
Trichotropis conica
B7921 (Easterbrook)
Balanus sp.
Latisipho hallii
Trichotropis conica
A9559 (J.D. Shaw)
Nuculana minuta
Serpula vermicularis
A9560 (J.D. Shaw)
Cassidulina sp.
Chlamys hastata
Chlamys rubida
Macoma incongrua
Nonionellina labradorica
Quinqueloculina arctica
A9561 (J.D. Shaw)
Cassidulina laevigata
Chlamys rubida
Quinqueloculina arctica
Serpula vermicularis
A9562 (J.D. Shaw)
Chlamys hastata
Chlamys rubida
Chlamys sp.
Odostomia quadrae
Serpula vermicularis
A9563 (J.D. Shaw)
Chlamys hastata
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2
1
2
1
5
4
18
2
2
1
2
2
7
13
1
4
1
17
3
5
2
3
2
16
10
7
4
1
1
15
1
1
4
4

Section 5 — Bellingham

Qty

Chlamys rubida
Hiatella arctica
Mitrella gausapata
Nuculana minuta
Serpula vermicularis
A9564 (J.D. Shaw)
Chlamys rubida
Serpula vermicularis
A9565 (J.D. Shaw)
Buccella frigida
Chlamys rubida
Islandiella islandica
Pandora wardiana
Serpula vermicularis
A9566 (J.D. Shaw)
Chlamys rubida
Ciliatocardium ciliatum
Nonionellina labradorica
Nuculana minuta
Quinqueloculina arctica
Quinqueloculina stalkeri
Serpula vermicularis
A9567 (J.D. Shaw)
Ciliatocardium ciliatum
Serpula vermicularis
A9568 (J.D. Shaw)
Chlamys rubida
Serpula vermicularis
A9569 (J.D. Shaw)
Buccella frigida
Cassidulina laevigata
Cassidulina teretis
Cribroelphidium incertum
Elphidiella groenlandicum
Elphidium excavatum subsp. clavatum
Nonionellina labradorica
A9572 (J.D. Shaw)
Chlamys rubida
Nuculana minuta
Nuculana pernula
Nuculana sp.
Serpula vermicularis

114

11
3
1
2
16
2
1
4
1
2
2
78
2
1
2
1
16
5
1
2
1
7
17
2
2
31
2
7
7
1
24
2
16
1
6

Section 5 — Bellingham

Qty

A9573 (J.D. Shaw)
Chlamys rubida
Nuculana pernula
A9540 (Mallory)
Chlamys rubida
Serpula vermicularis
A9541 (Mallory)
Ciliatocardium ciliatum
Nuculana minuta
Nuculana pernula
A9542 (Mallory)
Cassidulina sp.
Islandiella islandica
Islandiella norcrossi
Nonionellina labradorica
Quinqueloculina arctica
A9543 (Mallory)
Nuculana pernula
Serpula vermicularis
A9544 (Mallory)
Chlamys rubida
Chlamys sp.
Nucula sp.
Nuculana minuta
Nuculana pernula
Serpula vermicularis
A9545 (Mallory)
Chlamys rubida
Ciliatocardium ciliatum
Nuculana minuta
Nuculana pernula
Serpula vermicularis
A9546 (Mallory)
Chlamys hastata
Chlamys rubida
Glossaulax draconis
Serpula vermicularis
A9547 (Mallory)
Chlamys rubida
Serpula vermicularis
A9548 (Mallory)
Chlamys hastata
Chlamys rubida
115

1
8
2
2
1
1
1
3
2
21
3
2
1
4
18
1
3
6
16
7
21
1
1
2
4
2
8
3
7
7
1
6
7
11

Section 5 — Bellingham

Qty

Serpula vermicularis
A9549 (Mallory)
Chlamys rubida
A9551 (Mallory)
Cassidulina teretis
Chlamys rubida
Elphidiella groenlandicum
Islandiella islandica
Nonionellina labradorica
Nuculana minuta
Nuculana pernula
Ostracoda
Quinqueloculina stalkeri
Serpula vermicularis
A9552 (Mallory)
Chlamys rubida
Glossaulax draconis
Nuculana minuta
Serpula vermicularis
A9553 (Mallory)
Chlamys rubida
A9555 (Mallory)
Chlamys rubida
Nuculana minuta
Serpula vermicularis
A9556 (Mallory)
Chlamys rubida
Elphidium sp.
Serpula vermicularis
A9557 (Mallory)
Chlamys rubida
A9558 (Mallory)
Ciliatocardium ciliatum
Clinocardium sp.
Nuculana minuta
Serpula vermicularis
A9570 (Mallory)
Chlamys rubida
Hiatella arctica
Serpula vermicularis
A9571 (Mallory)
Chlamys rubida

116

4
4
14
1
4
3
2
1
1
11
1
10
17
2
2
1
2
3
3
3
3
4
1
12
1
4
1
14
12
1
7
2

Section 5 — Bellingham

Qty

A9817 (Mallory)
Buccella frigida
Cassidulina sp.
Cassidulina teretis
Chlamys hastata
Chlamys rubida
Cibicidoides lobatula
Ciliatocardium ciliatum
Cryptonatica affinis
Elphidium excavatum subsp. clavatum
Elphidium sp.
Islandiella californica
Islandiella islandica
Nonionellina labradorica
Nuculana minuta
Serpula vermicularis
Triloculina trigonula
A9818 (Mallory)
Buccella frigida
Cassidulina teretis
Chlamys rubida
Elphidium excavatum subsp. clavatum
Elphidium sp.
Fissurina marginata
Islandiella islandica
Nonionellina labradorica
Nuculana pernula
Serpula vermicularis
A9819 (Mallory)
Cassidulina teretis
Elphidium excavatum subsp. clavatum
Elphidium sp.
Islandiella islandica
Lagena caudata
Nuculana sp.
Quinqueloculina stalkeri
Reussoolina laevis
Serpula vermicularis
A9820 (Mallory)
Nonion sp.
Quinqueloculina arctica
Quinqueloculina stalkeri

117

9
4
34
3
6
5
1
1
46
20
2
8
3
1
25
4
21
24
5
5
16
2
14
7
1
3
29
37
1
2
3
1
2
3
3
2
15
3

Section 5 — Bellingham

Qty

A9821 (Mallory)
Cassidulina laevigata
Cassidulina sp.
Islandiella islandica
Nonion sp.
Nuculana sp.
Quinqueloculina arctica
Quinqueloculina stalkeri
A9822 (Mallory)
Elphidium sp.
Islandiella islandica
Nonion sp.
Quinqueloculina stalkeri
A9823 (Mallory)
Buccella frigida
Cassidulina laevigata
Cassidulina teretis
Cribroelphidium incertum
Elphidiella groenlandicum
Elphidium excavatum subsp. clavatum
Elphidium sp.
Fissurina marginata
Islandiella islandica
Nonion sp.
Triloculina trigonula
A9824 (Mallory)
Buccella frigida
Cassidulina teretis
Elphidiella groenlandicum
Elphidium excavatum subsp. clavatum
Elphidium sp.
Islandiella islandica
A9825 (Mallory)
Buccella frigida
Cassidulina teretis
Elphidium excavatum subsp. clavatum
A9826 (Mallory)
Cassidulina teretis
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Elphidium sp.
Islandiella islandica
Nonionellina labradorica
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2
1
1
34
1
39
27
21
4
8
8
25
20
40
5
14
40
11
1
6
1
2
15
31
2
49
13
9
2
6
2
1
8
3
1
27
3

Section 5 — Bellingham

Qty

A9827 (Mallory)
Nonionellina labradorica
A9828 (Mallory)
Cassidulina sp.
Quinqueloculina arctica
A9829 (Mallory)
Cassidulina sp.
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Nonionellina labradorica
Lummi_Island
B7114 (Dethier)
Chlamys rubida
Mya truncata
Nuculana pernula
Serpula vermicularis
A1175 (Easterbrook)
Chlamys hastata
Chlamys rubida
Ciliatocardium ciliatum
Nuculana pernula
Serpula vermicularis
A1181 (Easterbrook)
Chlamys hastata
Chlamys rubida
Ciliatocardium ciliatum
Hiatella arctica
Macoma incongrua
Macoma nasuta
Nuculana minuta
Nuculana pernula
A1182 (Easterbrook)
Clinocardium nuttallii
Clinocardium sp.
Leukoma staminea
Macoma inquinata
Tresus capax
A1194 (Easterbrook)
Nuculana sp.
B7924 (Easterbrook)
Chlamys rubida
Nuculana minuta

2
25
4
3
15
36
12

4
1
2
3
2
2
2
3
1
9
1
8
1
9
6
6
5
7
2
2
31
1
2
8
6
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Section 5 — Bellingham

Qty

B6614 (Unknown)
Serpula vermicularis

3

Lummi_Peninsula
B3060 (Balzarini)
Balanus sp.
Buccella frigida
Cassidulina laevigata
Cassidulina teretis
Chlamys rubida
Cibicidoides lobatula
Ciliatocardium ciliatum
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Islandiella islandica
Nonion sp.
Nonionellina labradorica
Nuculana minuta
Nuculana pernula
Ostracoda
Pyrgo williamsoni
Quinqueloculina arctica
Quinqueloculina stalkeri
Serpula vermicularis
Trifarina fluens
Triloculina trigonula
Uvigerina cushmani
B3061 (Balzarini)
Buccella frigida
Cassidulina laevigata
Chlamys rubida
Cibicidoides lobatula
Cribroelphidium incertum
Fissurina lucida
Haynesina orbicularis
Hyalinonetrion gracillimum
Islandiella islandica
Nonionella auricula
Nonionellina labradorica
Uvigerina cushmani
A1175 (Easterbrook)
Chlamys hastata
Chlamys rubida
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1
52
5
43
2
32
15
15
55
30
15
7
8
25
5
15
14
5
47
2
40
4
15
30
17
15
5
5
5
4
43
5
11
5
19
1

Section 5 — Bellingham

Qty

Ciliatocardium ciliatum
Nuculana pernula
Serpula vermicularis
A1181 (Easterbrook)
Chlamys rubida
A1182 (Easterbrook)
Saxidomus gigantea
Tresus nuttallii
A1183 (Easterbrook)
Balanus sp.

20
9
1
1
4
8
14

Neptune_Beach
A1192 (Easterbrook)
Chlamys rubida
Ciliatocardium ciliatum
Macoma nasuta
Nuculana pernula
Serpula vermicularis
A1192N2 (Hernandez)
Cassidulina laevigata
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Elphidium frigidum

Section 6 — Goshen
Acme
B7917 (Easterbrook)
Astarte alaskensis
Balanus sp.
Bryozoa
Chlamys islandica
Hiatella arctica
Keenocardium californiense
Macoma moesta
Mya sp.
Mya truncata
Nuculana acuta
Serpula vermicularis
Sinum scopulosum
Trachycardium sp.
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1
11
2
5
6
3
7
22
32

2
1
2
2
3
10
5
10
2
2
16
4
1

Section 6 — Goshen

Qty

Axton
B3072 (Balzarini)
Balanus sp.
Buccella tenerrima
Cassidulina laevigata
Cassidulina teretis
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Fissurina lucida
Haynesina orbicularis
Islandiella islandica
Nonion sp.
Nonionellina labradorica
Nuculana minuta
Ostracoda
Quinqueloculina arctica
Quinqueloculina stalkeri
B3072AEF1 (Hernandez)
Cassidulina teretis
Clinocardium nuttallii
Nuculana pernula
B3072AW1 (Hernandez)
Cassidulina teretis
Clinocardium nuttallii
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Macoma calcarea
Nuculana minuta
Nuculana pernula
B3072AW2 (Hernandez)
Botuloides ittai
Buccella frigida
Cassidulina laevigata
Cassidulina teretis
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Fissurina lucida
Fissurina sp.
Fursenkoina seminuda
Haynesina orbicularis
Lagena semilineata
Nuculana minuta
Ostracoda
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1
5
5
41
5
56
5
15
30
15
5
6
5
4
3
6
3
3
13
2
9
6
1
7
4
3
4
24
51
54
8
4
6
3
9
4
6
1

Section 6 — Goshen

Qty

Quinqueloculina arctica
Quinqueloculina seminula
Quinqueloculina stalkeri
Robertina arctica
Stainforthia feylingi
B3072AW3 (Hernandez)
Balanus sp.
Buccella frigida
Cassidulina teretis
Clinocardium nuttallii
Cribroelphidium excavatum
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Fissurina lucida
Nonionellina labradorica
Nuculana minuta
Nuculana pernula
Nutricola lordi
Pronucula tenuis
Quinqueloculina arctica
Quinqueloculina stalkeri
Deming
B3068 (Balzarini)
Haynesina orbicularis
Islandiella islandica
Nonion sp.
Pyrgo williamsoni
B3069 (Balzarini)
Buccella frigida
Buccella tenerrima
Cassidulina laevigata
Cassidulina teretis
Ciliatocardium ciliatum
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Fissurina cf. F. cucurbitasema
Fissurina lucida
Glossaulax draconis
Haynesina orbicularis
Islandiella islandica
Latisipho rubida
Macoma calcarea
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22
79
69
3
2
1
12
49
1
7
58
5
4
6
2
1
4
2
3
8

16
2
1
2
3
3
3
30
7
8
17
2
1
2
5
6
1
2

Section 6 — Goshen

Qty

Macoma sp.
Nuculana minuta
Nuculana pernula
Ostracoda
Quinqueloculina arctica
Quinqueloculina stalkeri
A1184 (Easterbrook)
Chlamys hastata
Macoma carlottensis
Nuculana minuta
Nuculana pernula
Nuculana sp.
A1196 (Easterbrook)
Nuculana pernula
Goshen
B3070 (Balzarini)
Buccella frigida
Cassidulina laevigata
Cassidulina teretis
Ciliatocardium ciliatum
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Fissurina cf. F. cucurbitasema
Fissurina lucida
Fissurina marginata
Haynesina orbicularis
Islandiella islandica
Lagena semilineata
Macoma calcarea
Nuculana minuta
Nuculana pernula
Quinqueloculina stalkeri
B3071 (Balzarini)
Cassidulina laevigata
Chlamys rubida
Ciliatocardium ciliatum
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Fissurina cf. F. cucurbitasema
Fissurina lucida
Fissurina marginata
Haynesina orbicularis
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2
33
31
6
10
2
2
1
31
6
2
3

2
3
37
3
39
2
2
2
5
40
18
4
3
15
33
12
26
1
36
47
4
5
5
23
14

Section 6 — Goshen

Qty

Islandiella islandica
Lenticulina sp.
Macoma calcarea
Nonion sp.
Nonionella auricula
Nonionellina labradorica
Nuculana minuta
Nuculana pernula
Oolina lineata
Ostracoda
Quinqueloculina arctica
Quinqueloculina stalkeri
B3070G1 (Hernandez)
Buccella frigida
Cassidulina laevigata
Cribroelphidium excavatum
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Haynesina orbicularis
Ostracoda
Pronucula tenuis
Quinqueloculina arctica
Quinqueloculina stalkeri
B3070G2 (Hernandez)
Ciliatocardium ciliatum
Nuculana minuta
Nuculana pernula
Nuculana sp.
Pronucula tenuis
Quinqueloculina arctica

Section 7 — Fraser Valley
Ferndale
B7109 (Dethier)
Chlamys sp.
Ciliatocardium ciliatum
Nuculana pernula

31
3
4
40
3
24
36
51
4
1
27
25
6
7
48
3
80
9
36
2
1
9
6
1
2
2
1
2
9

5
2
7
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Section 7 — Fraser Valley

Qty

LangleyBC
B3074 (Balzarini)
Bryozoa
Buccella frigida
Buccella tenerrima
Cassidulina laevigata
Cassidulina teretis
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Elphidium frigidum
Islandiella islandica
Nonion sp.
Quinqueloculina arctica
Quinqueloculina stalkeri
B3075 (Balzarini)
Cassidulina teretis
Elphidium excavatum subsp. clavatum
Islandiella islandica
Nuculana pernula
Quinqueloculina arctica
Quinqueloculina stalkeri
Robertina arctica

5
3
4
42
5
4
17
2
36
25
14
11
2
24
5
12
15
4
5

Lynden
A1193 (Easterbrook)
Macoma nasuta
Mya truncata
Nuculana minuta

17
16
1

SurreyBC
B3073 (Balzarini)
Balanus sp.
Buccella frigida
Buccella tenerrima
Cassidulina teretis
Chlamys rubida
Ciliatocardium ciliatum
Cribroelphidium incertum
Elphidium excavatum subsp. clavatum
Haynesina orbicularis
Hiatella arctica
Macoma calcarea
Macoma inquinata

28
42
31
5
2
1
3
4
49
45
12
4
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Section 7 — Fraser Valley

Qty

Macoma nasuta
Mya truncata
Mytilus edulis
Nuculana minuta
Nuculana pernula
Ostracoda
Quinqueloculina stalkeri
Serpula vermicularis
Serripes groenlandicus
Trachycardium sp.
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2
24
11
5
11
2
1
3
10
2

Appendix C
Systematic List of Taxa
Available from http://www.marinespecies.org

Phylum: RHODOPHYTA
Class: FLORIDEOPHYCEAE
Order: Corallinales
Family: Lithothamniaceae
Lithothamnion Heydrich, 1897

Phylum: ANNELIDA
Class: POLYCHAETA
Order: Sabellida
Family: Serpulidae
Serpula vermicularis Linnaeus, 1767
Spirorbis Daudin, 1800

Phylum: ARTHROPODA
Class: OSTRACODA
Order: Podocopida
Family: Loxoconchidae
Cytheromorpha grandwashensis Brouwers, 1990
Class: MALACOSTRACA
Order: Decopoda

Class: HEXANAUPLIA
Order: Sessilia
Family: Balanidae
Balanus crenatus Bruguière, 1789
Balanus Costa, 1778
Concavus concavus (Bronn, 1831) †
Megabalanus californicus (Pilsbry, 1916)
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Phylum: MOLLUSCA
Class: POLYPLACOPHORA
Order: Chitonida
Family: Tonicellidae
Tonicella lineata (Wood, 1815)
Class: BIVALVIA
Order: Nuculida
Family: Nuculidae
Acila H. Adams & A. Adams, 1858
Nucula Lamarck, 1799
Pronucula tenuis Powell, 1927

Order: Carditida
Family: Astartidae
Astarte alaskensis Dall, 1903
Order: Venerida
Family: Veneridae
Callithaca tenerrima (Carpenter, 1857)
Chione californiensis (Broderip, 1835)
Leukoma staminea (Conrad, 1837)
Leukoma E. Römer, 1857
Nutricola lordi (Baird, 1863)
Saxidomus gigantea (Deshayes, 1839)
Saxidomus Conrad, 1837
Family: Mactridae
Tresus capax (Gould, 1850)
Tresus nuttallii (Conrad, 1837)

Order: Pectinida
Family: Pectinidae
Chlamys behringiana (Middendorff, 1849)
Chlamys hastata (G. B. Sowerby II, 1842)
Chlamys islandica (O. F. Müller, 1776)
Chlamys rubida (Hinds, 1845)
Chlamys Röding, 1798
Leopecten stearnsii Dall, 1878 †
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Order: Cardiida
Family: Cardiidae
Ciliatocardium ciliatum (Fabricius, 1780)
Clinocardium nuttallii (Conrad, 1837)
Clinocardium Keen, 1936
Dallocardia quadragenaria (Conrad, 1837)
Keenocardium californiense (Deshayes, 1839)
Laevicardium Swainson, 1840
Serripes groenlandicus (Mohr, 1786)
Serripes Gould, 1841
Trachycardium Mörch, 1853
Family: Tellinidae
Macoma brota Dall, 1916
Macoma calcarea (Gmelin, 1791)
Macoma carlottensis Whiteaves, 1880
Macoma incongrua (Martens, 1865)
Macoma inquinata (Deshayes, 1855)
Macoma lama Bartsch, 1929
Macoma moesta (Deshayes, 1855)
Macoma nasuta (Conrad, 1837)
Macoma obliqua (J. Sowerby, 1817)
Macoma Leach, 1819
Rexithaerus secta (Conrad, 1837)
Rexithaerus indentata (Carpenter, 1864)

Superorder: Anomalodesmata
Family: Poromyidae
Dermatomya tenuiconcha (Dall, 1913)
Order: Adapedonta
Family: Hiatellidae
Hiatella arctica (Linnaeus, 1767)
Order: Myida
Family: Myidae
Mya arenaria Linnaeus, 1758
Mya truncata Linnaeus, 1758
Mya Linnaeus, 1758
Order: Nuculanida
Family: Nuculanidae
Nuculana acuta (Conrad, 1831)
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Nuculana minuta (O. F. Müller, 1776)
Nuculana pernula (O. F. Müller, 1779)
Nuculana tenuisulcata (Couthouy, 1838)
Nuculana Link, 1807
Superorder: Anomalodesmata
Family: Pandoridae
Pandora wardiana A. Adams, 1860
Order: Adapedonta
Family: Solenidae
Solen Linnaeus, 1758
Order: Mytilida
Family: Mytilidae
Modiolus modiolus (Linnaeus, 1758)
Modiolus Lamarck, 1799
Mytilus edulis Linnaeus, 1758
Mytilus trossulus Gould, 1850
Mytilus Linnaeus, 1758
Class: GASTROPODA
Subclass: Patellogastropoda
Family: Acmaeidae
Acmaea Eschscholtz, 1833
Subclass: Heterobranchia
Family: Pyramidellidae
Odostomia quadrae Dall & Bartsch, 1910
Family: Lottiidae
Lottia pelta (Rathke, 1833)
Lottia persona (Rathke, 1833)
Lottia scutum (Rathke, 1833)
Lottia strigatella (Carpenter, 1864)
Lottia Gray, 1833
Tectura rosacea (Carpenter, 1864)
Order: Lepetellida
Family: Fissurellidae
Puncturella galeata (Gould, 1846)
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Order: Neogastropoda
Family: Buccinidae
Aulacofusus brevicauda (Deshayes, 1832)
Buccinum lyperium Dall, 1919
Latisipho hallii (Dall, 1873)
Latisipho jordani (Dall, 1913)
Molopophorus Gabb, 1868 †
Family: Columbellidae
Mitrella gausapata (Gould, 1850)
Family: Muricidae
Nucella lamellosa (Gmelin, 1791)
Paciocinebrina barbarensis (Gabb, 1865)
Family: Mangeliidae
Propebela harpularia (Couthouy, 1838)
Family: Fasciolariidae
Whitneyella Stewart, 1927 †
Order: Trochida
Family: Calliostomatidae
Calliostoma ligatum (Gould, 1849)
Eulithidium comptum (Gould, 1855)
Order: Littorinimorpha
Family: Naticidae
Cryptonatica affinis (Gmelin, 1791)
Glossaulax draconis (Dall, 1903)
Polinices Montfort, 1810
Sinum scopulosum (Conrad, 1849)
Fusitriton oregonensis (Redfield, 1846)
Neverita lewisii (Gould, 1847)
Family: Littorinidae
Littorina saxatilis (Olivi, 1792)
Littorina scutulata Gould, 1849
Littorina sitkana Philippi, 1846
Littorina Férussac, 1822
Family: Capulidae
Trichotropis cancellata Hinds, 1843
Trichotropis conica Møller, 1842
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Order: Trochida
Family: Margaritidae
Margarites pupillus (Gould, 1849)
Order: Cephalaspidea
Family: Scaphandridae
Scaphander Montfort, 1810
Order: Basommatophora
Family: Lymnaeidae
Lymnaea Lamarck, 1799
Stagnicola palustris (O. F. Müller, 1774)
Family: Planorbidae
Gyraulus deflectus (Say, 1824)
Gyraulus Agassiz, 1837
Planorbella trivolvis (Say, 1817)
Family: Physidae
Physella gyrina (Say, 1821)
Physa Draparnaud, 1801
Order: Architaenioglossa
Family: Viviparidae
Viviparus Montfort, 1810

Phylum: FORAMINIFERA
Class: NODOSARIATA
Order: Nodosariida
Family: Nodosariidae
Botuloides ittai (Loeblich & Tappan, 1953)
Dentalina Risso, 1826
Family: Lagenidae
Hyalinonetrion gracillimum (Seguenza, 1862)
Lagena caudata (d'Orbigny, 1839)
Lagena semilineata Wright, 1886
Lagena striata (d'Orbigny, 1839)
Reussoolina laevis (Montagu, 1803)
Order: Polymorphinida
Family: Ellipsolagenidae
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Fissurina cf. F. cucurbitasema Loeblich & Tappan, 1953
Fissurina lucida (Williamson, 1848)
Fissurina marginata (Montagu, 1803)
Fissurina Reuss, 1850
Oolina lineata (Williamson, 1848)
Order: Vaginulinida
Family: Vaginulinidae
Lenticulina Lamarck, 1804
Class: GLOBOTHALAMEA
Order: Rotaliida
Family: Trichohyalidae
Buccella frigida (Cushman, 1922)
Buccella tenerrima (Bandy, 1950)
Family: Cassidulinidae
Cassidulina laevigata d'Orbigny, 1826
Cassidulina teretis Tappan, 1951
Cassidulina d'Orbigny, 1826
Islandiella californica (Cushman & Hughes, 1925)
Islandiella islandica (Nørvang, 1945)
Islandiella norcrossi (Cushman, 1933)
Family: Cibicididae
Cibicidoides lobatulus (Walker & Jacob, 1798)
Family: Elphidiidae
Cribroelphidium excavatum (Terquem, 1875)
Cribroelphidium incertum (Williamson, 1858)
Elphidium excavatum subsp. clavatum Cushman, 1930
Elphidium frigidum Cushman, 1933
Elphidium tumidum Natland, 1938
Elphidium Montfort, 1808
Protelphidium Haynes, 1956
Family: Elphidiellidae
Elphidiella groenlandica (Cushman, 1933)
Elphidiella nitida Cushman, 1941
Family: Bolivinitidae
Fursenkoina seminuda (Natland, 1938)
Family: Haynesinidae
Haynesina orbicularis (Brady, 1881)
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Family: Nonionidae
Nonion Montfort, 1808
Nonionella auricula Heron-Allen & Earland, 1930
Nonionella stella Cushman & Moyer, 1930
Nonionellina labradorica (Dawson, 1860)
Family: Stainforthiidae
Stainforthia feylingi Knudsen & Seidenkrantz, 1994
Family: Uvigerinidae
Trifarina fluens (Todd in Cushman & McCulloch, 1948)
Uvigerina cushmani Todd, 1948
Order: Robertinida
Family: Robertinidae
Robertina arctica d'Orbigny, 1846

Class: TUBOTHALAMEA
Order: Miliolida
Family: Hauerinidae
Miliolinella subrotunda (Montagu, 1803)
Pyrgo williamsoni (Silvestri, 1923)
Quinqueloculina arctica Cushman, 1933
Quinqueloculina seminulum (Linnaeus, 1758)
Quinqueloculina stalkeri Loeblich & Tappan, 1953
Triloculina trigonula (Lamarck, 1804)
Order: Spirillinida
Family: Patellinidae
Patellina corrugata Williamson, 1858

Phylum: ECHINODERMATA
Class: ECHINOIDEA
Order: Camarodonta
Family: Strongylocentrotidae
Strongylocentrotus droebachiensis (O.F. Müller, 1776)
Strongylocentrotus purpuratus (Stimpson, 1857)
Strongylocentrotus Brandt, 1835
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Phylum: RADIOZOA

Phylum: BRYOZOA
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Appendix D
Description of Localities
The following localities were collected by the author using pre-established locality information
from authors noted throughout the text. Locality descriptions were taken from Balzarini (1981)
and Easterbrook (1963) keeping the original site numbers with slight modification for personal
identification.
A1192N2
Bellingham 7.5’ Quadrangle. NW1/4 SW1/4 Sec. 32, T.39N., R.1E., Lat.
48°49’28.9”N., Long. 122°42’37.4”W. Sample collected from the head of a deep gully in the sea
cliff, 1.5 miles north of Neptune Beach. At an approximate elevation of 150 feet. Whatcom
County, Washington (Easterbrook, 1963).
B3055LS1
Port Townsend North 7.5’ Quadrangle. SW1/4 NW1/4 Sec. 25, T.32N., R.1E.,
Lat. 48°14’N., Long. 122°46’W. Sample collected from sea cliff 50 m north of Libbey Road,
West Beach, Whidbey Island. Elevation 1.5m. Cliff composed entirely of gray, clayey, blockyweathering glacialmarine drift with rust-stained molds and casts of shells (Balzarini, 1981).
B3056P1
Coupeville 7.5’ Quadrangle. NW1/4 NE1/4 Sec. 29, T.32N., R.1E., Lat.
48°14’30”N., Long. 122°42’30”W. Sample collected from sea cliff 1.5 m above road to pier at
San de Fuca, Penn Cove, Whidbey Island. Elevation 6.1m. Cliff composed entirely of massive,
gray, stony, sandy glacialmarine drift with abundant fossils (Balzarini, 1981).
B3056P2

same as B3056P1

B3057P2
same as B3056P1, but sample collected from glacialmarine drift in sea cliff 10m
east of pier road. Elevation 4.6m (Balzarini, 1981).
B3070G1
Bellingham North 7.5’ Quadrangle. NE1/4 SE1/4 Sec. 26, T.39N., R.3E., Lat.
48°50’15”N., Long. 122°22’30”W. Sample collected from roadcut on west side of EversonGoshen Road, 0.58km north of intersection of Everson-Goshen Road and Smith Road. Elevation
61.0m. Exposure composed entirely of glacialmarine drift consisting of non-sorted, massive,
brown, stony, silty clay with rare fossils (Balzarini, 1981).
B3070G2

same as B3070G1

B3072AEF1 Bellingham North 7.5’ Quadrangle. SW1/4 SW1/4 Sec. 20, T.39N., R.3E., Lat.
48°51.03.2”N, Long. 122°27’14.9”W. East face of gravel pit. Sample collected from massive
diamicton consisting of gray, stony, silty clay.
B3072AW1 Bellingham North 7.5’ Quadrangle. SW1/4 SW1/4 Sec. 20, T.39N., R.3E., Lat.
48°51.N, Long. 122°27’30”W. South face of gravel pit at west entrance on north side of Axton
road. Elevation 54.9m. Sample collected from massive diamicton consisting of sparsely
fossiliferous, gray, stony, silty clay, directly overlying horizontally stratified sand and gravel
(Balzarini, 1981).
B3072AW2

same as B3072AW1

B3072AW3

same as B3072AW1
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Map modified from Flower, 2020.
Key
•

Fossil locality
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